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ABSTRACT 
The possibility of shale-gas development in the semi-arid Karoo Basin, South Africa has 
created the need to develop a hydrochemical baseline for deep Karoo groundwater. However, 
it is uncertain how the process of hydraulic fracturing (fracking) will affect the surrounding 
groundwater and environments, particularly shallow groundwater sources. Therefore, it is 
important to have a good understanding of the characteristics of the deep groundwater and its 
connectivity to the shallower groundwater systems which are of utmost importance to the 
farmers and local communities in the region. As a result of the requirement for information 
regarding the deeper groundwater in the Karoo Basin, this project was initiated in order to 
create a baseline of the deeper groundwater and assess how it differentiates from the shallow 
groundwater. Nineteen groundwater samples were collected from 8 locations throughout the 
Karoo Basin. At each site a deep sample was collected from a warm spring or borehole, and 
a corresponding shallow site was collected from a nearby shallow borehole. Following an initial 
assessment of the groundwater samples, three groups were identified; deep, shallow and 
mixed. The shallow samples could be identified by temperatures less than 25°C, high 
alkalinities, the presence of Mg2+, NO3- and U, as well as higher δ2H and δ18O values. Warmer 
temperatures usually above 25°C, low alkalinities less than 80 mg.L-1 HCO3-, elevated Na+ 
and F- as well as lower δ2H and δ18O values were characteristic of the deep samples. The 
results of the mixed samples consistently feel between those of the deep and shallow samples, 
indicates that natural mixing occurs between the deep and shallow aquifer systems. This has 
important implications as upward migration of poor quality deep groundwater and 
contaminants resulting from fracking activities have been known to occur in the USA. 
Significant differences are observed between the deep and shallow samples, resulting from 
different controls on the groundwater chemistry. For example, the process of nitrification 
occurs in the shallow groundwater resulting in elevated NO3- concentrations, whereas the 
dissolution of fluorite results in elevated F- concentrations in the deep groundwater. 
Furthermore, increased contact time with the host lithologies results in increased Na 
concentrations in the deep groundwater. Residence times of the groundwater samples were 
calculated using four isotopic tracers, namely, tritiogenic helium, radiocarbon, helium-4 and 
chrlorine-36. Overall, the deep groundwater samples showed much longer residence times 
than shallow groundwater, with radiocarbon producing the most probable residence times. 
Pollution and contamination of shallow aquifers as a result of fracking is possible. Therefore, 
continuous baseline monitoring is essential before, during and after fracking activities in order 
to identify abnormalities that could be associated with fracking. 
Keywords: Hydraulic fracturing; baseline; groundwater chemistry; residence times; Karoo Basin.  
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CHAPTER 1 – Literature review and WRC report summary 
1.1 Introduction 
The population is increasing worldwide and as a result so is the demand for natural resources, 
triggering the development of a serious energy security crisis. It is predicted that by 2040 there 
will be a 37% increase from the current global energy demand (IEA, 2014). Projected energy 
consumption and production forecasts predict that by the year 2040 unconventional gas 
production from shale formations will produce 25% of the world’s total energy supply (IEA, 
2014). The other 75% is equally divided between oil, coal and low-carbon/renewable energy 
sources (IEA, 2014). The energy security problem is particularly prominent in Sub-Saharan 
Africa where it is estimated that 620 million people do not have access to electricity (IEA, 
2014). Where electricity is available the supply is often unpredictable due to lack of 
maintenance of both power stations and lines. It is estimated that by 2040 the population of 
Sub-Saharan Africa will double, and as a result the energy demand will increase by 80% (IEA, 
2014).  
One of the current solutions of the energy security problem is to make use of unconventional 
or shale-gas trapped within shale rock layers deep within the earth as conventional oil reserves 
decline (IEA, 2014). The extraction of shale-gas involves the process of hydraulic fracturing 
also known as “fracking”. Global shale-gas reserves are estimated to be 25300 trillion cubic 
feet (TCF) (Boyer, et al., 2011), of which the largest portion of that (28%) is in North America 
(Boyer, et al., 2011). As a result of this large natural resource, shale-gas supports 
approximately one quarter of the energy consumption in the USA (IEA, 2014). Like all fossil 
fuels, shale-gas reserves are not sustainable, therefore it is only a temporary solution as 
opposed to renewable energy sources such as solar, wind and hydro. Therefore, research on 
renewable and environmentally cleaner energy sources should continue whilst shale-gas 
extraction and production processes develop.  
The method of fracking has been in practice for almost 200 years (Boyer, et al., 2011), with 
the first shale-gas well drilled in New York, USA in 1821 (Boyer, et al., 2011). Since then the 
technology involved in fracking has significantly changed and evolved. Originally the practice 
made use of vertical drilling until horizontal drilling was introduced. Horizontal drilling allows 
for extended contact with considerably larger portions of the shale-gas bearing layers 
ultimately allowing for an increase in the total amount of extractable gas (Boyer, et al., 2011; 
Weber, 2014; Vengosh, et al., 2013; Jackson, et al., 2014). Horizontally drilled wells also allow 
for the use of smaller well pads and require less space above ground, thus allowing for smaller 
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areas to be taken over by fracking activities. However, there are concerns about the potential 
effects fracking has and will have on the surrounding environments. 
The environmental concerns regarding fracking include surface water contamination, air 
pollution, noise pollution, greenhouse gas emissions and radiation (Vengosh, et al., 2014; 
Zhao & Yang, 2015; Engelder, et al., 2014; Theodori, et al., 2014; Stringfellow, et al., 2014; 
Jackson, et al., 2013). Of these, the possibility of contamination and pollution of shallow 
groundwater resources close to the fracking sites has elicited the most concern from the 
public. Extensive research is being conducted regarding the establishment of baseline and 
monitoring systems in order to observe changes of the natural environment, specifically in 
groundwater (Mayer, et al., 2015; Jackson, et al., 2013; Vengosh, et al., 2014; Vidic, et al., 
2013). Much of this research is occurring in areas with large shale-gas resources, such as in 
North America. Four potential risks to water resources in areas surrounding fracking were 
identified by Vengosh et al., (2014): 1) stray gas leaks causing contamination of shallow 
aquifers; 2) insufficient disposal and treatment of wastewater that may leak/spill, polluting 
surface water and shallow aquifers; 3) the build-up of toxic and radioactive compounds in spills 
or near disposal sites; and 4) the occurrence of water shortages, especially in water stressed 
regions, due to the use of large volumes of water during the fracking process. Although these 
problems were identified in the North American context, they are likely to be applicable to any 
region that is subject to fracking and therefore have implications for the fledging shale-gas 
industry in South Africa. 
The Karoo Basin has been identified as a potential region for shale-gas exploration in South 
Africa. The target is the Whitehill Formation, which forms part of the Permian Ecca Group in 
the Karoo Supergroup, with an estimated shale-gas reserve of between 30-500 TCF (Dept 
Mineral Resources, 2012). In spite of the known risks of fracking, shale-gas is an attractive 
option for South Africa to help alleviate the pressure on electricity supply generated by aging 
infrastructure and a growing and upwardly mobile population. However, the Karoo is a water 
stressed region with an arid to semi-arid climate and it is also an important agricultural region. 
Agriculture in the Karoo is a multibillion dollar industry, which is spread across thousands of 
smaller farms (McCreadie, 2015). The Karoo region is the country’s main supplier of red meat 
(specifically lamb), wool and mohair, as well as other export products such as ostrich feathers 
and venison (McCreadie, 2015). As such, contamination of the limited water resources would 
have significant implications for food security and on the economy of South Africa.  
Research has been conducted on the Karoo shallow groundwater aquifers (<300m) as this is 
the dominant source of water to various farmers and local, rural communities (Woodford & 
Chevallier, 2002). However, there is a lack of knowledge about Karoo deep groundwater 
(>1500m) which may be affected by the fracking process. With the exception of borehole 
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SA1/66 drilled by Soekor, now PetroSA, in the 1960s (discussed in further detail in Section 
1.4.2 Deep groundwater in the Karoo) as well as three current deep borehole drilling projects 
conducted by the Council for Geoscience, there is no access to the deep groundwater. The 
deep and shallow aquifers could be connected by natural conduits created by the intrusion of 
Jurassic dolerite dykes and sills. Evidence of connectivity between poor quality, deep 
formation water and fresh, shallow aquifer systems has been shown in the Marcellus Shale 
play in Pennsylvania, USA, in the form of distinctive geochemical and isotopic ratios (Sharma, 
et al., 2014; Warner, et al., 2014; Warner, et al., 2012). These geochemical signatures indicate 
that upward migration of deep groundwater has occurred and therefore this must be 
considered a possibility in the Karoo Basin. It is therefore essential to have an understanding 
of the deep and shallow groundwater reserves, as well as the natural and potentially induced 
connectivity between the aquifers in the form of a deep and shallow groundwater baseline 
(Humez, et al., 2015). However, access to the deep groundwater sources is required in order 
to create such a baseline. 
The existence of thermal springs boreholes in the Karoo Basin are the closest approximation 
through which one can obtain an idea of the nature of deep groundwater. This is assumed due 
to the lack of other sources of heat in the Karoo, such as granites or other hot intrusive rocks, 
which would raise the groundwater temperature. These thermal springs and boreholes have 
been monitored and temperatures recorded over the past century (Rindl, 1916; Kent, 1949; 
Heaton, et al., 1986; Olivier, et al., 2012). Groundwater in southern Africa with temperatures 
between 25 and 37°C were classified as warm while those with temperatures between 37 and 
50°C wrere classified as thermal (Kent, 1949). Therefore, the deeper groundwater sampled in 
this study is catagorised as warm. The minimum depths of the thermal springs that are known 
in the Karoo are in the order of 500 -1500 m (Kent, 1949; Kent, et al., 1966). If there is vertical 
flow of groundwater from greater depths, then analysing the water emanating from thermal or 
warm springs is likely to be the most accurate method of observing the characteristics of this 
deeper groundwater. An investigation of the detailed composition of such warm spring water 
is therefore likely to give the best estimate of the type of water to be found at greater depths. 
Between 2013 and 2015, the Water Research Commission (WRC) of South Africa funded a 
research project to determine the geochemical parameters that would be indicative of deep 
groundwater in the Karoo as a precursor to fracking. The aim of the WRC project was to create 
a baseline of the deep groundwater in the Karoo and to investigate potential connectivity to 
the shallow groundwater resources that are used for domestic and agricultural purposes. Deep 
groundwater could potentially migrate upwards, either through natural or manmade conduits 
as a result of the fracking process. Should this groundwater be of poor quality, the migration 
could allow for the contamination of shallow groundwater aquifers, some of which are good 
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quality and used daily by farmers and local communities. Deep groundwater could also 
potentially be polluted by the chemicals used in fracking fluids or stray gas leaks. Detailed 
knowledge about the deeper groundwater and how it could possibly affect the shallow 
groundwater, will allow the government to make an informed decision about the environmental 
impacts of fracking in the Karoo Basin. The WRC project resulted in a list of parameters 
(geochemical tracers) considered to be indicative of deep and shallow groundwater in the 
Karoo Basin and laid out recommendations for groundwater monitoring.  
The aim of this study is to expand on the ideas produced in the WRC project in order to further 
understand the deeper groundwater and its connectivity to the shallow aquifers. This will be 
done in two parts; firstly by investigating the natural geochemical processes occurring, 
including the precipitation/dissolution reactions as well as the redox conditions of the deeper 
and shallow groundwater. Secondly, estimate the residence times of the deeper groundwater 
in comparison to the shallow groundwater in order to assess the robustness of the residence 
times. This study, in conjunction with the WRC project, will aid in the decision making process 
regarding fracking in the Karoo Basin. 
1.2. Aims and objectives 
The aim of this study is to further examine the geochemical tracers identified as being 
indicative of deep and shallow groundwater in the WRC project, in order to determine the 
mechanisms that are responsible for the geochemical trends observed. The residence times 
of the groundwater samples collected will also be estimated in order to assess the robustness 
of the residence times, as well as recharge implications of the deeper groundwater in the 
Karoo Basin.  
Key objective one: To explain the differences observed between the deeper and shallow 
groundwater in the Karoo Basin  
1. What are the hydrochemical characteristics of the deep, shallow and mixed groundwater 
samples?  
2. What redox conditions, precipitation/dissolution reactions and/or water-rock interactions are 
controlling the chemistry of the deep, shallow and mixed groundwaters? 
3. Are the processes occurring in the deep groundwater affected by geographical variation? 
Key objective two: To calculate and compare the residence times of the deeper and shallow 
groundwater in the Karoo Basin 
1. What are the residence times of the deep and shallow groundwater samples when using 
3H/3He, 14C, 36Cl and 4He? 
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2. How do the residence times of the deep groundwater samples compare to those of the 
shallow and mixed groundwater samples? 
3. What are the implications of the residence times in terms of recharge in the Karoo Basin? 
Key objective three: To create a conceptual model of the deeper groundwater in the Karoo 
Basin and how this ties in with the monitoring guidelines produced in the WRC project 
1. Is there a natural connection between the deeper and shallow aquifers in the Karoo Basin? 
2. Is there a potential mixing zone between the deeper and shallow aquifers? 
3. Are the shallow groundwater aquifers at risk of contamination should fracking commence 
in the Karoo Basin? 
1.3 Unconventional shale-gas 
It was originally thought that shale could only function as a source rock of free gas, or 
conventional gas, which is stored in adjacent porous layers such as sandstones and 
limestones. However, it was then discovered that unconventional or “tight” gas trapped within 
impermeable shale layers can escape either naturally over millions of years or when artificially 
stimulated through fracking. Unconventional gas is typically composed of methane (CH4) 
(Boyer, et al., 2011) and its extraction typically involves fracking from low permeability, tight 
shale layers (Jackson, et al., 2014). In the past decade there has been a significant increase 
in the exploration for shale-gas and the extraction of shale-gas by fracking throughout the 
world. The largest estimated resources are in the USA, however, Canada, South America, 
China, Southern Africa and Australia also have large potential shale-gas basins (Boyer, et al., 
2011; Zhao & Yang, 2015). The current global estimate of natural gas reserves are 
approximately 25300 TCF (Boyer, et al., 2011).  
1.3.1 The host rocks 
Shale is a sedimentary rock, which typically consists of quartz and clay minerals, as well as 
organic matter (Boggs, 2009; Merriman, et al., 2003). Dissolved gases such as methane, 
carbon dioxide, hydrogen sulphide, nitrogen and helium are also commonly present together 
with numerous trace elements (Boggs, 2009). These rocks are typically deposited as mud in 
a low energy environment, such as a tidal flat or deep water basin. Over extended periods of 
time the muds and organic matter in the form of decomposed animal and plant remains 
accumulate and consolidate into thick sequences (Merriman, et al., 2003). In reducing 
environments, such as an anoxic lake, under elevated pressures and temperatures e.g. 
through the deep burial of the sediments, the decaying organic matter eventually evolves into 
organic oil and thermogenic gas (Boyer, et al., 2011). 
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Not all shale formations contain economically viable natural gas as there are various specific 
conditions and components that must exist. For example, the shale must be organically rich 
and comprise of a high total organic content (TOC) greater than 2% (EIA/ARI, 2013). A high 
quartz content is favourable as this allows the shale to be more brittle, and therefore the rock 
layers react more favourably to hydraulic simulation (EIA/ARI, 2013; Nunn, 2012). This is 
opposed to shale layers with a low quartz content which tend to behave in a more ductile 
manner and are more resistant to fracking. It is important for the shale to be thermally mature 
which is measured by the degree to which the shale has been exposed to high temperatures 
in order for the decomposition of organic matter into hydrocarbons to occur (EIA/ARI, 2013). 
Thermal maturity is measured in R0 as a percentage. For example, areas that are inclined to 
contain viable oil should have a R0 value of between 0.7 and 1% (EIA/ARI, 2013). Potential 
areas of wet gas and condensate should have an R0 value between 1 and 1.3% (EIA/ARI, 
2013), whereas areas likely to contain dry gas typically have an R0 values greater than 1.3% 
(EIA/ARI, 2013). A burial depth of between 1000 and 5000m is ideal for the production of 
shale-gas (EIA/ARI, 2013; Nunn, 2012). Formations shallower than 1000m will not have 
experienced the pressures and temperatures at which hydrocarbons are produced. 
Formations at depths greater than 5000m will have permeabilities too low for fracking, not to 
mention the extra incurred cost of deeper drilling (EIA/ARI, 2013).  
1.3.2 Fracking as a means of shale gas extraction 
The technologies in practise today have significantly improved from the original fracking 
methods. Instead of vertically drilled wells producing low flow rates of natural gas, horizontal 
drilling and high volume hydraulic fracturing techniques are used to produce high flow rates of 
natural gas (Vengosh, et al., 2014; Boyer, et al., 2011; Jackson, et al., 2014; Jackson, et al., 
2013). Deep wells are drilled (the depth of the borehole is dependent on the depth of the shale 
formation) vertically and then extended horizontally into the shale formations (Figure 1). The 
boreholes are cased using a cement casing. In order to create the fractures in the shale layers 
millions of litres of water, fracking fluid and a proppant (usually sand) are pumped down the 
borehole at extremely high pressures. This allows the trapped, natural gas to escape from the 
rocks and enter into the well where it is collected at the surface (Jackson, et al., 2014).  
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Figure 1: Schematic representation (not drawn to scale) of hydraulic fracturing showing potential modes of 
groundwater contamination associated with shale-gas activities (Vengosh, et al., 2014).  
1.3.3 Environmental considerations 
There is significant public concern regarding fracking, specifically the potential environmental 
impacts on the surrounding environment. This section discusses potential environmental 
problems including water usage, well integrity, and contamination of shallow groundwater with 
poor quality deep groundwater, fracking fluids and/or stray gas, the disposal of wastewater, 
potentially induced microseismicity as well as air, noise and visual pollution.  
1.3.3.1 Water requirement versus water availability 
Much of the fracking activity occurs in water stressed regions with scarce water resources 
available to even the local communities. As previously mentioned, millions of litres of water 
are used in the fracking process. The amount of water used per well is dependent on a number 
of aspects and varies with the specific shale play, associated rock formations, the drill operator 
and the depth of the well (Nicot & Scanlon, 2012). On average, up to 20 million litres of water 
are required per well in order to achieve the high volume hydraulic fracturing needed to create 
fissures and fractures within the shale layers (Vengosh, et al., 2014). Currently, fresh water 
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(TDS < 1000 mg.L-1) is used in the fracking process to create the high pressures needed. This 
fresh water is sourced from nearby surface or groundwater resources depending on availability 
in the area. However, there is the possibility of using brackish water instead of fresh water for 
future fracking projects as this will greatly reduce the need for scarce, fresh water resources 
(Nicot & Scanlon, 2012). Research is still being conducted on this because the friction 
reducers included in the chemical additives of the fracking fluid function best in fresh water 
(Paktinat, et al., 2011).  
1.3.3.2 Fracking fluid 
A mixture of chemicals, referred to as fracking fluid, is added to the fresh water that is pumped 
into the well during the first stages of the fracking process. Figure 2 depicts a typical fracking 
fluid composition which includes 99.2% water and 0.79% chemicals displayed as a pie chart 
(FracFocus, 2015). The main component of the fracking fluid is a gellant, making up 0.5% of 
the total fracking fluid. Other components include acid (0.07%), corrosion inhibitor (0.05%), 
friction reducer (0.05%) and clay control (0.034%) (Figure 2). The remaining 0.01% consists 
of a proppant, usually sand, that is used to keep the fractures open in the shale layer 
(FracFocus, 2015; Jackson, et al., 2014). The exact ingredients of the fracking fluid differs 
from well to well, depending on the geological formations as well as the drilling company. 
Some companies prefer to not disclose the chemicals used in their fracking fluid, resulting in 
public concern and anxiety (Howarth, et al. 2011). However, FracFocus, an online national 
hydraulic fracturing chemical registry in the USA, was created in order to provide the public 
with general information regarding fracking. This includes specific information about the wells 
in close proximity to their homes, including the chemicals used in the fracking fluids. Currently 
the site has 106132 registered wells (FracFocus, 2015). Several studies have undergone the 
task of fingerprinting flowback water, which is inclusive of formation water and fracking fluids 
(Warner, et al., 2014). This aids in identifying potential contamination sources of shallow 
groundwater as the fracking fluid and formation waters have their own isotopic signatures 
which can be traced (Sharma, et al., 2014; Warner, et al., 2014).  
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Figure 2: Average hydraulic fracturing fluid composition for shale plays in the USA (FracFocus, 2015). 
1.3.3.3 Stray gas and well integrity  
Leaking of stray gas is a result of either poorly constructed and maintained wells/casings, or 
the result of gas escaping through faults or fissures created in the shale layers through high 
volume fracking (Jackson, et al., 2014). The integrity of deep boreholes may also be 
compromised decades or centuries after abandonment through the slow degradation of the 
sealing cements used in borehole grouting and plugging (Vengosh, et al., 2014; Flewelling, et 
al., 2013). Likewise, the high pressure fracking process may marginally open existing fractures 
that were previously impermeable and thus allow for the very slow upward migration of deep-
seated groundwaters (Sharma, et al., 2014). It is also possible that it is only in years to come 
that the impact of fracking on upward movement of water through old or new faults and 
fractures will be felt (Flewelling, et al., 2013). The most important step in addressing the issue 
of stray gas it to record natural gas emissions before fracking occurs and monitor these levels 
during and after fracking occurs. This can be done by doing baseline studies of drinking water 
wells in close proximity to the potential fracking areas before fracking commences and 
isotopically identifying the signatures of the natural gas that is present. Studies show that by 
using isotopic signatures and hydrocarbon ratios it is possible to trace the dissolved gases in 
order to determine the source of the stray gas (Osborn, et al., 2011). For example, studies 
conducted on the Marcellus Shale Formation concluded that the source of stray gas was 
indeed from the Marcellus shale production gases as they had matching isotopic signatures 
and hydrocarbon ratios (Osborn, et al., 2011; Warner, et al., 2014). In contrast, other studies 
suggested that the stray gas was linked to topographic factors, meaning that the stray gas 
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was of natural origin and not as a result of fracking activities (Molofsky, et al., 2011). Levels of 
gas concentrations should be monitored during the fracking process and once the drilling wells 
have been abandoned (Osborn, et al., 2011). 
1.3.3.4 Contamination of shallow groundwater and surface water 
As previously mentioned, one of the primary concerns of fracking is the potential 
contamination and pollution of groundwater. Four potential risks to water resources were 
outlined by (Vengosh, et al., 2014; Jackson, et al., 2014; Vengosh, et al., 2013; Warner, et al., 
2012; Jackson, et al., 2013) and mentioned in Section 1.1. In summary, the possible sources 
of contaminants are stray gas, chemical additives in fracking fluid, waste material containing 
radioactive components as well as poor quality, deep groundwater. Contamination from stray 
gas and waste material could occur through leakages in the wells or from accidnetal spills on 
the surface. Elevated levels of methane and other hydrocarbons in shallow groundwater may 
cause flammability risks to homes and private boreholes (Vengosh, et al., 2014). The 
contamination of shallow groundwater aquifers with poor quality deep groundwater has 
occurred in Pennsylvania, USA, particularly in the Marcellus Shale play. Contamination 
occurred as a result of upward migration of brine formation water into the fresh, shallow 
aquifers (Warner, et al., 2012). In some instances the TDS of this brine water has been 
measured as high as 200000 mg.L-1 (Haluszczak, et al., 2013). It is therefore crucial to have 
an understanding of the chemical characteristics of the deep groundwater in order to 
determine how it could potentially affect good quality, shallow groundwater (Warner, et al., 
2012; Sharma, et al., 2014).  
1.3.3.5 Wastewater disposal 
Wastewater produced as a result of fracking activities includes flowback water which is defined 
as the fluids that return to the surface after they are injected into deep wells (Vengosh, et al., 
2014). Within the flowback water is between 10 and 40% of the fracking fluid as well as 
produced water which is defined as the water that flows to the surface during the production 
of the gas (Vengosh, et al., 2014). The outstanding 60 to 90% of the fracking fluid remains 
underground. In some cases the produced water is saline to hypersaline (TDS of between 
35000 and 200000 mg.L-1) and contains naturally occurring yet harmful elements such as 
barium, arsenic and mercury (Jackson, et al., 2014; Engelder, et al., 2014; Theodori, et al., 
2014). More than 7.5 trillion litres of wastewater are produced daily in the United States from 
oil and gas production (Jackson, et al., 2014). Currently there are several methods of 
disposing of the wastewater, including deep underground injection. However, it is unclear how 
this may affect seismic activity (see Section 1.3.3.6) (Vengosh, et al., 2014). Another method 
of disposal is sending the wastewater to advanced treatment facilities where it is treated by 
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methods such as desalinisation (Engelder, et al., 2014). However, potential leaks and spills 
during either the transporting of the wastewater or while it is being stored in ponds near the 
drill site, as well as illegal disposal of untreated or inadequately treated wastewater, poses a 
threat on the surface water and soil of the surrounding environments (Vengosh, et al., 2014; 
Engelder, et al., 2014).  
1.3.3.6 Microseismicity and earthquake risk assessment 
Induced microseismicity either from the fracturing of the shale layers or from the deep injection 
of wastewater is another concern regarding the process of fracking. As mentioned in Section 
1.3.3.3 Stray gas and well integrity, further fracturing may open up the possibility of leaking of 
stray gas and/or upward migration of poor quality deep-seated groundwater (Flewelling, et al., 
2013). A study conducted throughout North America by Flewelling, et al., (2013) measured 
the height of fractures and recorded seismic activity during fracking with magnitudes in the 
range of -4.4 to 0.86, although seismic events with negative magnitudes are not felt by humans 
(USGS, 2015). However, based on the magnitude of the seismic activity, Flewelling et al., 
(2013) concluded that connectivity between the deep shale formations and shallow, potable 
aquifers is unlikely to occur. On the other hand, Ellsworth, (2013), concluded that deep 
injection of wastewater and material were a more likely cause of earth quakes and 
microseismic activity.  
1.3.3.7 Air, noise and visual pollution 
The production of shale-gas results in atmospheric emissions from various sources. This is 
inclusive of large amounts of dust from the drilling of the wells, the noise of the drilling and 
production activities, leaking of stray gas from the wells and the visual pollution caused by the 
drill sites (Figure 3) (Pacsi, et al., 2015). A large number of vehicles transporting water, gas 
and waste materials to and from the drill sites will increase carbon monoxide (CO) emissions 
in the atmosphere (Adgate, et al., 2014). The CO2 emissions produced during the fracking 
process are less than that of oil and coal production (Jackson, et al., 2014). However, it is 
unclear how stray natural gas emissions will impact ozone concentrations (Pacsi, et al., 2015). 
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Figure 3: An example of the visual pollution caused by fracking in agricultural areas on the USA (Fox, 2012).  
1.3.4 The economics of shale gas 
From a South African economic perspective, fracking would result in an influx of money as 
well as an increase in job opportunities (Dept of Mineral Resources, 2012; Weber, 2014). 
However, it is important that the government receives a large proportion of the income 
generated in order to return it to the population in the form of upgraded infrastructure. The 
potential allowance for the country’s energy independence is also an appealing factor (Weber, 
2014). For example, studies in China show that the natural gas industry has made an 
important contribution to the development of society and economy in Sichuan, China (Zhao & 
Yang, 2015). The GDP growth rate increased proportionally with an increase in the production 
of shale gas (Zhao & Yang, 2015). It is estimated that for every billion cubic feet of natural gas 
produced in the USA, 18.5 jobs are created (Weber, 2014). Therefore, approximately 18500 
jobs are created for every TCF of natural gas produced.  
1.3.5 Shale-gas potential of the Karoo Basin 
The Karoo Basin is a potential shale-gas region. Approximately 275 Ma ago the Karoo Basin 
was a large anoxic lake. At the base of the lake, dead organic matter accumulated and was 
buried. After having been under high pressures and temperatures the formation of oil and gas 
occurred. ‘Free’ or conventional gas and oil has since naturally leaked away through conduits 
in the rocks (Roswell & De Swart, 1976), but ‘tight’ or unconventional gas may remain 
preserved in shale formations. However, it is unclear what impact the intrusion of dolerite 
dykes during Karoo volcanism at 170 Ma ago has had on the shale layers as heat from 
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intrusive rocks is known to have driven degassing processes in other areas (Boyer, et al., 
2011). 
A typical shale within the Ecca Group of the Karoo Supergroup consists of quartz, muscovite, 
clay (illite), chlorite, plagioclase and pyrite as an accessory mineral (Geel, et al., 2013). More 
specifically the Whitehill Formation (of the Ecca Group), is considered the prime target for 
shale-gas development. The Whitehill Formation is a shale that contains fine grained and 
finely layered black shale that consists mostly of clay (illite) (Geel, et l., 2013). The shale 
contains a high quartz content of approximately 50%, a thermal maturity of between 1 and 4% 
is prevalent and the formation has a high TOC averaging at 4.5% (Geel, et al., 2013). The 
Whitehill Formation is between 2000 and 4000 m deep, and has a thickness of between 10 
and 80m (Roswell & De Swart, 1976). The Karoo Basin covers a vast area and has a regional 
continuity of approximately 200000km2. These factors contribute to making the Karoo Basin a 
potentially economically viable shale-gas region.  
1.4 Deep groundwater 
One of the main driving factors for this project was the potential contamination of the shallow 
groundwater aquifers in the Karoo Basin. The region is already water stressed (annual 
precipitation typically less than 400mm/year) and an important agricultural region, therefore 
any contamination to the scarce groundwater resources would be detrimental. Therefore, it is 
essential to have an in depth understanding of the deep groundwater in the Karoo Basin.  
1.4.1 Characteristics of deep groundwater 
Of the wide variety of chemical and isotopic geochemical tracers available, many can be used 
to fingerprint generic deep groundwater or specifically groundwater in the Karoo Basin. 
Groundwater found at depth typically has a higher temperature than groundwater found in 
shallower aquifers. In the Karoo Basin, this is the result of the geothermal gradient since there 
are no other significant heat sources in the area, such as granites or other hot intrusive rocks. 
However, some groundwater may migrate slowly from depth, allowing the temperature to cool 
and obscuring the deep source. Therefore, other geochemical parameters also need to be 
assessed.  
Major ion concentrations are important as they give an indication of the geochemical 
processes and water-rock interactions occurring in the aquifers. For example, ion exchange 
within clay rocks leads to replacement of calcium (Ca2+) and magnesium (Mg2+) with sodium 
(Na). Therefore, groundwater with longer residence times should have a higher Na 
concentration and higher (Na+K)/(Ca+Mg) ratio than shallow groundwater. This has been 
established in Karoo aquifers (Vogel, et al., 1980; Tredoux & Kirchner, 1981; Talma, 1981). In 
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contrast, the behaviour of Mg2+ is opposite to that of Na+. The divalent bonds of Mg2+ atoms 
are bound more tightly during ion exchange within clays, resulting in low concentrations of 
Mg2+ in deeper groundwater (Vogel, et al., 1980). Elevated nitrate (NO3-) concentrations in 
groundwater generally result from agricultural or human activities. In semi-arid regions shallow 
groundwater also contains nitrate produced by nitrogen fixing bacteria in soils (Tredoux & 
Talma, 2006; Tredoux, 2009). Nitrate levels can be reduced in older water as a result of the 
reducing conditions that develop over the course of time (Heaton, et al., 1983). Kent (1949) 
noticed that higher fluoride (F-) concentrations occur in warmer groundwater than in nearby 
cool water in the Karoo Basin. Woodford and Chevallier (2002) found evidence to suggest a 
relationship between F- concentrations and age, origin and temperature of groundwater 
throughout the Karoo Basin. Ryan & Langmuir, (1993) stated that boron has great potential 
as a tracer of deep earth fluids and in the recycling of crustal materials in the solid earth 
geochemical cycle. Previous research in the Karoo also indicated higher lithium (Li+) 
concentrations in deep groundwater compared to shallow groundwater (Kent, 1949).  
It is a worldwide phenomenon that palaeowaters have more negative oxygen-18 (δ18O) values 
than recent groundwater because of differences in climatic conditions in comparison to those 
of the present (Mook, 2006). This is especially so when comparing recharge from the 
Pleistocene with that of the Holocene and has been observed in southern Africa (Heaton, et 
al., 1986; Kulongoski, et al., 2004). However, lower δ18O values in groundwater can also be 
the result of changes of the recharge pattern in a specific location: stormy and aridity changes 
(Mook, 2006). 
Radioactive isotopes are also important tools for differentiating deep from shallow 
groundwater as deeper groundwater will have lower activities as a result of decay over time. 
Deep groundwater is not in contact with the atmosphere from where carbon-14 (14C) is 
derived. The original 14C present in the groundwater then decays over time, resulting in 
decreased 14C activities with longer residence times. Dissolution of carbonate rocks, which 
contain only 12C and 13C, and not 14C, results in dilution of the 14C/12C ratio, thereby further 
decreasing the 14C activities in groundwater. Similarly tritium (3H) is transported to shallow 
groundwater through recharge, but decays to 3He over time, resulting in low to negligible 
tritium concentrations in deeper, older groundwater (Aggarwal, et al., 2005). Typically 3H is 
used as an indicator of the presence of recent (post-1960) recharge (Mook, 2006; Aggarwal, 
et al., 2005). Large amounts of atmospheric tritium were added by hydrogen bomb testing in 
the 1950s. However, 3H values in southern African rainfall recorded as high as 100 TU in the 
1960s have steadily decreased to the present 2-3 TU (Talma & Van Wyk, 2013). Chlorine-36 
(36Cl) is a useful tracer of old groundwater and the ratio of 3Cl/Cl is commonly used in dating 
old groundwaters. The initial 36Cl content of groundwater is determined by the levels present 
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in rainwater. During underground flow, the total chloride in groundwaters typically increases 
through leaching of some sort. The complexity of the evolution of the Cl content and its isotope 
ratio reflects the complexity of its geochemistry over time. Nevertheless, many aquifers show 
decreasing 36Cl/Cl ratio with time/downflow, making it a useful tracer for water age (Phillips, 
2013). 
1.4.2 Deep groundwater in the Karoo Basin 
Little research has been conducted on the deep groundwater sources in the Karoo Basin, 
resulting in a lack of understanding of the deeper groundwater. In the 1960’s Southern Oil 
Exploration Corporation (SOEKOR), now known as PetroSA, drilled 24 deep boreholes 
(greater than 2000m) throughout South Africa as part of a project to assess the existence of 
economic resources of oil (Roswell & De Swart, 1976). The project was deemed unsuccessful 
and the boreholes were sealed. However, one of the seals has since failed on the borehole 
named SA1/66 in the small town of Merweville in the Western Cape. This borehole is 
discussed in further detail in Chapter 2. The Council for Geoscience is currently conducting a 
project in which three deep boreholes are being drilled in the Karoo Basin. With the exception 
of these boreholes and potentially a few deep mining exploration boreholes, there are no other 
boreholes that tap the depth at which fracking would take place, which is between 2000 and 
4000m. The only two open boreholes that could be located during the sampling season for 
this project that access the required depths, are the originally 4169 m deep, Soekor borehole 
SA1/66 near Merweville, and the 1425 m deep borehole VFB1 near Trompsburg, neither of 
which are ideally suited to represent the geochemistry of the Ecca Group shale. However, 
many thermal/sub-thermal springs are scattered throughout the country and throughout the 
Karoo Basin, therefore these springs were selected as proxies for deeper circulating 
groundwater in the Karoo Basin for this project.  
A temperature of 25 °C is used in general to distinguish cold from warm groundwater in South 
Africa (Kent, 1949). This is consistent with a global idea that groundwater is characterised as 
thermal when it has a temperature significantly higher than the mean annual temperature of 
the specific site (La Moreaux & Tanner, 2001). An average geothermal gradient of 25°C/km is 
assumed, therefore the depth of the origin/source of the groundwater is reflected by the 
temperature of the thermal spring (La Moreaux & Tanner, 2001).  
1.5 The Karoo Basin 
The Karoo Supergroup covers an extensive area of southern Africa (Johnson, et al., 2006). 
The Karoo Supergroup consists of sedimentary rocks with strata of 12km thick in the west, 
thinning towards the east as seen in the cross section shown in Figure 5. These sediments 
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were deposited into two major basins (Figure 4A). The first being the Kalahari Basin which 
stretches across Botswana, Namibia and central-north South Africa (Figure 4A). Secondly the 
Main Karoo Basin which stretches across most of central South Africa (Oesterlen, 1991) 
(Figures 4A and B). In this study, the Main Karoo Basin will be referred to as the Karoo Basin 
in South Africa. The Supergroup is of significant economic importance to South Africa, being 
host to all coal deposits (Johnson, et al., 1996) as well as to any potential shale-gas plays 
(Boyer,et al., 2011). A large uranium deposit is also situated in the western and central parts 
of the basin, specifically within the Adelaide Formation in the Beaufort Group (Johnson, et al., 
2006). 
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1.5.1 Tectonic setting 
The Karoo Basin developed as a retro-arc foreland basin situated behind a fold-thrust belt, 
known as the Cape Fold Belt (Johnson, et al., 1996) which formed during the late Palaeozoic 
to the mid Mesozoic (Johnson, et al., 2006; Catuneanu, et al., 2005; Cadle, et al., 1993). The 
majority of the Ecca and Beaufort Group Formations were derived from the arc during the 
Permian while the Stormberg Group was derived from the rapidly rising Cape Fold Belt during 
the Triassic (Oesterlen, 1991). The source of the north-eastern part of the basin was from 
cratonic highlands located to the north-west, north, north-east and east (Oesterlen, 1991). The 
remaining part of the southern basin represents intracratonic thermal sag, although evidence 
Figure 4: A) Map of southern Africa showing the Kalahari and Main Karoo Basins; B) Simplified geology 
of the Karoo Basin in South Africa. 
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of marine influence in the early stages of its development is observed in the south-western 
part of the basin (Johnson, et al., 2006). Faults, which most likely developed during the 
deposition process, occur along the northern and north-western parts of the margins of the 
basin (Johnson, et al., 1996). Thick sequences of course, clastic sediments occur in the 
Cabora Bassa and Mid-Zambezi basins in Zimbabwe and in the Waterberg basin in Namibia 
are associated with the faults (Oesterlen, 1991). A cross section of the Karoo Basin is shown 
in Figure 5. 
Figure 5: Cross section of the Karoo Basin (Woodford & Chevallier, 2002). 
1.5.2 Lithostratigraphy 
A general overview of the lithostratigraphy of the Karoo Basin is shown in Figure 6. The Karoo 
Supergroup was deposited during the late Carboniferous to the Middle Jurassic period and 
consists mostly of marine glacial to terrestrial deposits of sandstone and shale (Johnson, et 
al., 2006). The Permian Ecca group hosts the target formation for shale-gas development, the 
Whitehill Formation. This is underlain by the Prince Albert Formation and overlain by the 
Collingham Formation (Johnson, et al., 2006). The Prince Albert Formation (Lower Ecca) 
extends across the south-western part of the Karoo Basin and accumulated in a deep marine 
environment. The thickness of the formation ranges from 40 to 150m, but has been known to 
reach a maximum thickness of 300m in some areas (Veevers, et al., 1994). The formation can 
be divided into a northern facies and a southern facies based on rock composition. The 
northern facies consists of grey to green micaceous and silty shale, black carbonaceous shale 
(with a Corg value reaching 5.1%), fine to medium grained feldspathic arenite and wacke 
(Johnson, et al., 2006). The southern facies consists of grey pyrite-bearing shale, siltstone, 
chert and phosphatic nodules and lenses (Woodford & Chevallier, 2002) 
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The Whitehill Formation (Lower Ecca) ranges in thickness from 10 to 80 m and consists of 
black carbonaceous pyrite-bearing shale (up to 14% carbonaceous material) (Johnson, et al., 
2006). The carbonaceous shale formed by suspension settling in an under-filled foreland basin 
in a highly anoxic environment (Veevers, et al., 1994). Within the shale cleavages, gypsum 
(CaSO4.2H2O) is present, which typically forms in highly evaporative conditions through 
reactions between sulphides (pyrite), water and dolomite (Johnson, et al., 2006). The lithology 
becomes less distinct towards the north-east where the lower section consists of siltstone and 
fine grained sandstone (Woodford and Chevallier, 2002; Geel, 2012). The Collingham 
Formation (Upper Ecca) ranges in thickness from 30 to 70m (Johnson, et al., 2006). It consists 
of alternating hard, grey, siliceous mudrock and soft, yellowish tuff (K-bentonite) (Johnson, et 
al., 2006). The western part of the formation consists of the Matjiesfontein Chert Bed (0.2 to 
0.6 m thick), located towards the base of the formation, as well as an upper sandstone and 
siltstone unit (Woodford & Chevallier, 2002). The Jurassic Karoo volcanics intruded into the 
Karoo sediments approximately 180 Ma ago and comprise dolerite dykes, sills and ring 
complexes (Johnson, et al., 1996; Catuneanu, et al., 2005; Cadle, et al., 1993). 
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Figure 6: Stratigraphic column with the major lithostratigraphic subdivisions of the Karoo Supergroup in the Karoo 
Basin of South Africa (Catuneanu, et al., 2005). 
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 1.5.3 Water in the Karoo Basin 
The Karoo is an arid to semi-arid region with temperatures reaching above 30°C in the height 
of summer and below 0°C in the winter months. The main source of water in this semi-arid 
region is groundwater. 
1.5.3.1 Groundwater  
The majority of the groundwater in the Karoo is stored in shallow aquifers, which typically 
occur within 200m of the surface (Rosewarne, et al., 2013). Groundwater levels are commonly 
measured between 5 and 15m deep (Rosewarne, et al., 2013). The aquifers in the Karoo 
Basin are mostly hard-rock, fractured aquifers with preferential flow paths determined by 
secondary permeability (Rosewarne, et al., 2013; Le Maitrea, et al., 2009). These aquifers 
typically occur in areas receiving low precipitation and are then recharged during flood events 
(Le Maltre, et al., 2009). Natural and induced flow through Karoo aquifers can be thought of 
as being slower through the unfractured matrix and faster through fractured zones. Moreover, 
the quality of groundwater from these aquifers differ significantly. The quality of the 
groundwater changes from the local to the regional scale and is a function of the soil type, 
host rock lithologies, rainfall and climate. In general, groundwater sourced from fractured rock 
aquifers is less saline and younger than from the unfractured zones and while precipitation 
increases towards the east, salinity shows the opposite of this trend (Woodford & Chevallier, 
2002). The permeable areas are primarily associated with dolerite dyke, rings and sills, thick 
alluvial deposits as well as folded and faulted formations. The deeper aquifer systems in the 
Karoo (deeper than 1000m), are not well understood and require more in depth research. 
1.5.3.2 Precipitation  
The Karoo Basin covers almost two thirds of South Africa, and hence precipitation patterns 
differ significantly across the country and therefore within the Karoo Basin itself. Figure 7 
displays the annual precipitation throughout South Africa (Lynch, 2003) and indicates that 
precipitation increases from west to east across the country. On average the Karoo receives 
precipitation of approximately 300-400mm/year (Milton & Dean, 1999; Midgley, et al., 1994), 
and because of the vast size of the area, it experiences both winter and summer rainfall in 
different parts of the basin (Van Wyk, et al., 2011).  
Stellenbosch University  https://scholar.sun.ac.za
22 
 
1.5.3.3 River systems 
Figure 8 shows the dry, non-perennial and perennial rivers of South Africa. The Karoo Basin 
primarily consists of non-perennial rivers, with the exception one major perennial river, the 
Orange River (Le Maltre, et al., 2009). The trend of increasing precipitiation from west to east 
(Figure 7) is mirrored in the river systems of the country (Figure 8). Combined, Figures 7 and 
8 display the severity of the dryness in the Karoo Basin, whereby reiterating the crucial need 
for the protection of groundwater aquifers in the region.  
Figure 7: Map of South Africa with the average annual precipitation in mm/year (Lynch, 2003). 
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Figure 8: Map of South Africa showing the dry, non-perennial and perennial rivers of South Africa. The shapefiles 
were provided by the Council for Geoscience of South Africa. 
1.6 Water Research Commission Report 2254/1/15 
As mentioned in Section 1.1 above, the purpose of the WRC project was to create a baseline 
of the deep and shallow groundwater in the Karoo Basin for future monitoring purposes as a 
result of the potential shale-gas exploration in the region. The following sections outline the 
aims and objectives, theoretical methodology and a summary of the project findings as 
detailed in Murray et al., (2015).  
1.6.1 Project objectives 
The overall aims and objectives of the WRC project were to firstly characterise deep (warm) 
and shallow (cold) groundwater in the Karoo Basin. This was conducted by analysing the 
samples collected from boreholes and springs for major ions, trace elements, heavy metals, 
rare earth elements, stable and radiogenic isotopes and noble gases. Secondly, to identify 
specific parameters, from the above mentioned, that distinguish deep from shallow 
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groundwater and whether specific areas associated with shallow groundwater samples 
contain traces of deeper groundwater. Finally, for regulatory purposes, a list of parameters 
was compiled in order of monitoring importance for both shallow and deep boreholes in future 
shale-gas exploration and development areas.  
1.6.2 Project methodology 
Potential sampling locations were selected based on (1) their host lithologies being within the 
Karoo Formations, (2) historical information indicating the presence of warm water and/or 
unusual groundwater chemistry and (3) suitability for sample collection. Eight final locations 
were selected throughout the Karoo Basin (see Chapter 2 for full descriptions of each 
location). Sampling took place in June/July of 2014. One deeper site and one shallow site in 
close proximity to the deeper site was required at each location in order to compare and 
contrast groundwaters from the deeper and shallow groundwater systems within the same 
area. At some locations, more than one shallow sample was collected.  
1.6.3 Characterisation of groundwater types 
The 19 groundwater samples collected were initially grouped into provisional deep and shallow 
categories based on measured temperature or in a couple of cases historical temperature. 
However, it became clear that some ‘shallow’ samples were more distinctive of deep 
groundwater based on other geochemical parameters. Therefore, the data was put through a 
second assessment using major ion chemistry in the form of standard Stiff diagrams. From 
these two assessments, the groundwater samples were classified into three groups: deep, 
shallow and mixed. The assessment using temperature and the shape of the stiff diagram was 
then validated by the radiocarbon content of the samples (Figures 9, 10 and 11). In summary, 
the shallow groundwater was characterised by a hexagonal shaped Stiff diagram, high 
radiocarbon content of above 60 pmC and a temperature below 25°C. In contrast the deeper 
groundwater was characterised by a ‘Y’ shaped Stiff diagram, low radiocarbon content and a 
temperature above 25°C. The mixed group has ambiguous shaped stiff diagrams and 
intermediate radiocarbon contents and temperatures. The major ion chemistry and remaining 
geochemical parameters are discussed in further detail in Chapter 2, and the radiocarbon data 
and remaining radiogenic isotopes are discussed further in Chapter 3.  
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Figure 9: A) Presentation of all Stiff diagrams of samples separated into the three groundwater depth groups; B) 
key for a Stiff diagram. 
 
 
 
 B 
 A 
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Figure 11: 14C values versus the site names of the samples collected in the Karoo Basin separated into the three 
groundwater depth groups. Red squares = deep sites, blue diamonds = shallow sites, green triangles = mixed 
sites. 
1.6.4 Assessment of potential deep groundwater indicators 
All of the geochemical parameters analysed during the project were divided into four groups, 
based on how successfully they were able to differentiate between deep, shallow and mixed 
groundwater samples (Table 1). Group 1, consisting of 14C, 18O, 2H, fluoride, % sodium, 
magnesium, uranium and alkalinity, would be the first choice in any groundwater monitoring 
program in the Karoo Basin where shale-gas exploration is being considered. Group 4, whilst 
not being particularly useful in this study may provide further information on contamination 
processes after shale-gas development and hence should also have their place in any 
monitoring program. Of the original parameters described as being indicative of deeper 
Figure 10: Groundwater temperatures versus the site names of the samples collected in the Karoo Basin. Red 
squares = deep sites, blue diamonds = shallow sites, green triangles = mixed sites. 
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circulating groundwater identified in Section 1.4.1 Characteristics of deep groundwater, 14C, 
18O, fluoride, percentage Na (but not Na concentration in mg.L-1) and Mg were very 
successful at differentiating deep from shallow groundwater. However, uranium (U) 
concentrations and alkalinity (mg.L-1 of HCO3-), which were not identified in the original list of 
parameters, had the same success rate. The remaining parameters that were analysed had 
variable success rates. 
Table 1: Ranking of all determinands in classification matrix for prioritisation in long term monitoring of deep 
groundwater in the Karoo. 
 
Figure 12 shows the range and median for the deep, shallow and mixed groundwater samples 
for each of the seven parameters (with the exception of δ2H) that 100% successfully classified 
the samples into the three groundwater depth groups (Group 1 in Table 1). It is clear from this 
that whilst the median is distinct for the deep, shallow and mixed samples, the total range in 
values for each parameter in many cases overlaps and somewhat reduces the potential 
effectiveness of the classification scheme. However, much of the overlap lies within the mixed 
samples and the deep and shallow samples are quite distinct from one another. 
Group Success Rate  Specific Determinands 
Group 1 100% 
14C, 18O, H, fluoride, %sodium, 
magnesium, uranium, alkalinity 
Group 2 >75% 
Boron, vanadium, lithium, 11B, 36Cl/Cl, 
222Radon, H2S 
Group 3 50-75% 
Sodium, pH, tritium, nitrate, temperature, 
4He, 3He/4He, CH4 
Group 4 < 50% 
87Sr/86Sr ratios, 13C, rare earth elements, 
other trace elements 
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1.6.5 Monitoring recommendations 
For operational and exploratory purposes, there are a number of other factors besides 
scientific strength that must be considered when determining which parameters are the most 
useful and practical indicators of deep groundwater. The most important of these are: (1) cost 
per analysis; (2) sampling difficulty; (3) the time needed for analysis; and (4) the availability of 
suitable analytical laboratories in South Africa. Table 2 is an attempt to produce a score card 
weighting these different factors. It provides an evaluation of these individual factors by giving 
them a (subjective) weight, based on the experience of the authors of the WRC report.  
Table 2: Ranking of all determinands based on reasons other than success rates for operational and exploratory 
purposes in the Karoo Basin. 
Group Reasoning Specific Determinands 
Figure 12: Diagrams indicating the ranges and medians of the seven 
parameters that are most successful to identify deep as well as shallow 
water. Red = deep sites, blue = shallow sites, green  = mixed sites. 
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Priority 1 
Easy to obtain, cost effective and 
available in South Africa 
δ18O, δ2H, uranium, alkalinity, pH, 
temperature 
Priority 2 
Relatively easy to obtain and 
available in South Africa but 
less useful than P1 
determinands 
 Vanadium, lithium, 222Radon, H2S 
Priority 3 
More difficult to analyse, time 
consuming and higher cost 
14C, 3H, 87Sr/86Sr, rare earth elements 
Priority 4 
Not currently available in South 
Africa 
δ11B, 36Cl/Cl, 4He, 3He/4He, CH4 
 
1.6.6 Deep groundwater indicators versus tracers of shale gas development 
The WRC project focussed on identifying natural constituents of groundwater which can 
successfully differentiate deep from shallow groundwater and includes most of the 
determinands listed in Table 1. However, it is important to note that some geochemical 
parameters that were not important for differentiating deep from shallow groundwater within 
the scope of the WRC project, such as 87Sr/86Sr ratio, Br/Cl ratio, δ13C and δ11B, might become 
relevant once the properties of deep groundwater from the shale bearing formations become 
known. These have been shown to be of importance in other shale-gas plays, in particular for 
isotopically fingerprinting fracking fluids. 
1.7 Scope of thesis 
This thesis is divided into four parts. Part one of this thesis identified the potential problems 
associated with fracking, summarized the results obtained in the WRC project (Murray, et al., 
2015) and also outlines the aims and objectives of this project. Part two of this thesis will 
further assess the remaining geochemical parameters analysed in this project and investigate 
the differences observed between the three groundwater depth groups. In part three of this 
thesis I will estimate residence times of the groundwater samples collected using four different 
isotopes. I will then compare the residence times calculated with the various isotopic tracers 
in order to assess the robustness of the residence times. Part four of the thesis is the general 
conclusion chapter. This will amalgamate the results of Chapters 2 and 3, and evaluate their 
findings in terms of potential future fracking activities in South Africa. Chapters 2 and 3 form 
the basis of two publications that intend to be published.  
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CHAPTER 2 – Distinguishing groundwater systems using hydrochemical 
characteristics 
2.1 Introduction 
In semi-arid to arid regions of southern Africa, groundwater is a critical resource. Low 
precipitation coupled with high evaporation rates means that local communities, consisting of 
both subsistence and commercial farming practices, are dependent on the groundwater 
resources. The Karoo Basin in South Africa is regarded as a water stressed region receiving 
on average between 300 and 400mm/year of rainfall coupled with a semi-arid climate (Milton 
& Dean, 1999). With shallow groundwater aquifers being the primary source of water in the 
Karoo, considerable effort has been put into understanding the shallow groundwater system 
(e.g. Heaton & Vogel, 1979; Woodford & Chevallier, 2002; Vermeulen, 2013; Talma & 
Esterhuyse, 2015). In contrast, significantly less effort has gone into understanding the deeper 
groundwater system, largely because of difficulties in accessing this system. Thermal springs 
in existence throughout South Africa have been the focus of various projects monitoring and 
recording their temperatures and chemical compositions over at the last century (Shabalala, 
et al., 2015; Kent, 1949; Kent, et al., 1966; Mazor & Verhagen, 1983; Olivier, et al., 2012; 
Olivier, et al., 2008; Rindl, 1916). As discussed in Chapter 1, it is thought that the thermal 
springs represent the closest approximation to deep groundwater in the Karoo Basin.  
The region has been identified as a potential source of unconventional shale-gas to be 
extracted using hydraulic fracturing (fracking). This has caused considerable concern amongst 
various stakeholders regarding the potential impact on the surrounding environment. In 
particular, there is much concern on how fracking could potentially contaminate the already 
scarce groundwater resources in the Karoo through pollution with fracking fluids, poor quality 
deeper groundwaters and flow back fluids from the fracking process. Therefore, it is essential 
to have an understanding of the shallow aquifers and their natural connectivity to deeper 
aquifers. Should the shallow groundwater aquifers be contaminated as result of the fracking 
processes it would detrimental to the farmers and local communities in the Karoo Basin. 
Particular interest in the oil and gas resources of the Karoo Basin began in the 1960s when 
SOEKOR, now PetroSA, drilled 24 deep boreholes in order to evaluate potential oil resources 
in the region (Roswell & De Swart, 1976). When this exploration project was deemed 
unsuccessful the boreholes were filled in with cement and abandoned. However, the seal 
failed on one borehole, namely SA1/66, which is discussed in detail in Section  
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2.3.1.8 Merweville. More recently, the potential unconventional shale-gas resources in the 
Karoo Basin have given rise to baseline monitoring projects such as Murray, et al., (2015) (see 
Chapter 1) This study focussed on characterising different groundwater depth groups (deep, 
mixed and shallow groundwaters) in the Karoo Basin using a wide variety of environmental 
and geochemical tracers and isotopes (summary given in Chapter 1). However, explanations 
for the geochemical differences observed between the three groundwater depth groups were 
not fully discussed.  
It is uncertain what main factors and processes are responsible for the significant distinctions 
observed between the deep, shallow and mixed groundwater samples mentioned in Chapter 
1. In this chapter multiple geochemical parameters are used to recognise redox conditions, 
geochemical processes such as the precipitation or dissolution of minerals and also to identify 
depositional environments and the potential sources/origins of the parameter (Edmunds & 
Smedley, 2000; Phillips, 2013; Kim, et al., 2003; Elliot, et al., 1999; Adams, et al., 2001). The 
objective of this chapter is to evaluate the geochemical differences observed between the 
three groundwater depth groups of the samples collected throughout the Karoo Basin and 
assess the potential explanations for the differences. It is debated whether increased 
residence time, redox reactions or interactions with host rock lithologies dictates the 
geochemistry of the groundwater. 
The future of fracking in the Karoo Basin is currently unclear. However, we should proceed as 
if it will become a reality at some point in the future. Therefore, it is essential to have an in 
depth understanding of the geochemical processes occurring in the groundwater before any 
exploration or fracking takes place. Assuming the natural gas reserves are proven to be 
economical, this knowledge about the groundwater will aid in making an informed decision 
about the environmental impacts associated with fracking. By understanding the current 
connectivity and mixing processes occurring in the groundwater, it will enable us to create a 
monitoring baseline applicable specifically to the groundwater of the Karoo Basin. This will 
result in being able to quickly identify any contamination issues which would be detrimental to 
the groundwater resources as well as the communities and agricultural activities dependent 
on them. Therefore, by understanding the natural hydrogeochemical processes and 
quantifying water-rock interaction occurring between the different aquifer systems, it will allow 
for the effective management of the groundwater for future monitoring schemes to occur. 
Proper management of the scarce groundwater resources is also crucial for future economic 
development of the Karoo Basin.  
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2.2 Geological overview 
The Karoo Basin developed as a retro-arc foreland basin situated behind the fold thrust belt 
known as the Cape Fold Belt located in south-west Gondwana (Johnson, et al., 2006; 
Johnson, et al., 1996; Catuneanu, et al., 2005; Cadle, et al., 1993). It covers an area of over 
200 000 km2 representing approximately two thirds of South Africa (Johnson M. R., et al., 
2006). The basin is comprised of a succession of sedimentary strata (shale, sandstone and 
mudstone) of the Karoo Supergroup, overlain by basaltic lavas belonging to the Jurassic Karoo 
Volcanic Province. The intracratonic basin was active for approximately 100 Ma from the 
Permo-Carboniferous (280-310Ma) until early Jurassic, when the Karoo sedimentation 
finished with the breakup of Gondwana supercontinent (Catuneanu, et al., 2005; Cadle, et al., 
1993; Johnson, et al., 1996).  
The Karoo Basin trends east-west and thins to the north with the thickest sedimentary 
packages, up to 12km thick, found in the central part of the basin. The Karoo Supergroup 
includes several groups, in stratigraphic order from bottom to top: Dwyka, Ecca, Beaufort, 
Stormberg and Drakensberg (Johnson, et al., 2006). Sedimentation of the Dwyka group began 
when Gondwana was located over the South Pole which resulted in an ice sheet covering the 
basin and depositing glacial sediments, mainly tillite, at the base of the basin (Cadle, et al., 
1993; Johnson, et al., 2006). The lower Ecca Group formed in a shallow marine environment 
resulting in the deposition of marine clays and muds, while the upper Ecca Group was 
deposited in a deltaic environment from where it then shifted into the Ecca Sea (Cadle, et al., 
1993; Johnson, et al., 1996). The Whitehill Formation of the Ecca Group consists of black 
carbonaceous shale that weathers white allowing it to be differentiated from other shale units 
in the basin (Johnson, et al., 1996). The Beaufort Group was formed during the deposition of 
fluvial sediments on the alluvial plain. The Elliot Formation of the Stormberg Group consists 
of redbeds which formed due to the aridification and tectonic deformation of the basin 
(Johnson, et al., 2006). The Clarens Formation of the Stromberg Group was formed as a result 
of wind-dominated deposition (Catuneanu, et al., 2005). The Drakensberg Group intruded into 
the Karoo Supergroup approximately 180 Ma ago in the form of dolerite dykes and sills 
(Johnson, et al., 2006). 
2.3 Sampling procedures and analytical techniques 
Following an initial assessment of various databases and literature, several suitable deep 
groundwater sampling sites were selected based on their agreement with the following criteria: 
1) the sites are situated within the Karoo Supergroup and located throughout the Karoo Basin; 
2) the presence or historical evidence of warm/thermal water; 3) evidence of unusual 
groundwater chemistry with similarities to other known warm/thermal spring/borehole water 
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(Kent, 1949; Kent, 1969; Heaton & Vogel, 1979; Mazor & Verhagen, 1983; Vogel, et al., 1980). 
Sites considered to be suitable were visited in January of 2014 to assess their access and 
sampling suitability. The final sampling locations are shown with the simplified geology of the 
Karoo Basin in Figure 13. 
Figure 13: Map of South Africa including simplified geology of the Karoo Basin with the 8 sampling locations 
(Shapefiles provided by Council for Geoscience of South Africa). The Stormberg, Beaufort, Ecca and Dwyka 
Groups are shown. 
2.3.1 Study locations 
Sampling was carried out in June-July of 2014 for two weeks. Eight locations throughout the 
Karoo Basin (Figure 13) were selected for the sampling of deeper groundwater and within a 
few kilometres of these sites, one or two shallow boreholes were selected to represent shallow 
groundwater. Descriptions of the sampling locations and specific sites within the locations are 
given in the sections below. Where available, specific information regarding the boreholes is 
given, such as total depth of the borehole and depth to water. Table 3 gives a summary of the 
town name, location/farm name, and what depth/type of groundwater was sampled. 
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2.3.1.1 Florisbad  
Florisbad is situated approximately 50km north-west of Bloemfontein in the Free State 
Province. The area consists of surficial Quaternary aeolian sand deposits and calcretes which 
are underlain by Ecca and Beaufort Group sediments (predominantly shales, siltstones and 
sandstones) which in turn rest on lavas of the Ventersdorp Supergroup. These basement lavas 
overlie Archean granites and gneisses (Grobler & Loock, 1988; Loock & Grobler, 1988). There 
are numerous dolerite sills and dykes in this area. The warm site, FLS1 (Figure 14A), was 
collected from a spring that sits in a topographically low-lying area at the edge of a salt pan 
and has a fairly constant temperature of 29°C since first measured in the early 1900s (Rindl, 
1916). The spring now discharges into an enclosed pool from which the sample for this project 
was collected. The shallow site is a borehole, FLB5 (Figure 14B), and is located approximately 
2km away from FLS1 on a private farm, also in a topographically low-lying area. The borehole 
is approximately 36m deep and the water emanated with a high pressure flow. The main use 
of the groundwater is for domestic and agricultural purposes. 
 
Town Location Deep Shallow Mixed
Florisbad Florisbad Spa FLS1
Florisbad Private farm FLB5
Trompsburg Vlakfontein VFB1 VFB2
Venterstad Vaalbank/La  Rochel le LFB2 VBB1
Venterstad Rooiwal RWB5 RWB1c
Al iwal  North Al iwal  North Spa ANS1
Al iwal  North Private farm ANBH1
Cradock Cradock Spa CRS1
Cradock Private farm DRB4
Fort Beaufort Bath Farm BFB1 RRB1 BFB2
Leeu Gamka Kruidfontein WP 508
Leeu Gamka Groot Kruidfontein WP 502 WP 505
Merwevi l le Private farm MWB2
Table 3: Summary of the Town, sampling locations, farm names 
and site names.
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2.3.1.2 Trompsburg 
A deep, warm, artesian borehole, VFB1 (Figure 15A), lies approximately 15km north-west of 
the small agricultural town of Trompsburg between Colesberg and Bloemfontein in the Free 
State Province. The borehole was drilled in the late 1940s and water was struck in the mafic 
basement rocks at a depth of approximately 1425m, therefore the artesian flow is sourced 
from these basement rocks (Anhaeusser, 2006). This is supported by the highly radiogenic Sr 
isotope ratio which is discussed in the sections below. It is unclear whether there is any 
contribution from deep circulating groundwater within the Karoo Supergroup lithologies (Kent, 
1949). Drilling records show that the area is underlain by the Adelaide Formation of the 
Beaufort Group, consisting of sandstones interbedded with mudstones to a depth of 
approximately 150m (Anhaeusser, 2006). Thereafter, lie Ecca Group shales to approximately 
700m, and then a thin lens of Dwyka Formation tillites (less than 25m thick). These Karoo-age 
rocks lie unconformably on intrusive gabbro-anorthosite basement rocks (Archean granites 
and gneisses) which in places have a layer of marble in between. The area has also been 
intruded by Karoo dolerite dykes, sills and ring structures which are all visible at the surface 
(Anhaeusser, 2006). The shallow site for this location is a borehole, VFB2 (Figure 15B), 
located on the same farm as VFB1. The depth of this borehole is 30m. The groundwater is 
used for agricultural and livestock farming.  
Figure 14: The two deep sites in Florisbad, A) FLS1 collected at the Florisbad spa resort; B) FLB5 collected on a 
private farm approximately 2km away from FLS1. 
 B 
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2.3.1.3 Venterstad 
The small agricultural town of Venterstad is situated approximately 10 km south of the Gariep 
Dam in the Eastern Cape Province. The area is underlain by the Tarkastad Formation of the 
Beaufort Group, which consists of interbedded mudstones and sandstones. Karoo dolerites in 
the form of dykes, sills and ring structures are abundant in the area and contribute to 
deformation of the Tarkastad Formation. (Woodford & Chevallier, 2002). Three private farms, 
namely Vaalbank, La Rochelle and Rooiwal, were targeted during this study due to their 
association with thermal springs mentioned in the Annals of the Geological Survey (Kent, et 
al., 1966). The Vaalbank/La Rochelle area lies on the inside margin of a 20 km wide dolerite 
ring structure which is transected by numerous major dykes (Kent, 1949). The location of the 
mixed borehole, VBB1 (Figure 16A), lies 130m away from a large, NE-SW trending dyke. The 
total depth of the borehole is approximately 17m and the depth to water was 1m at the time of 
Figure 16: Two sites at Vaalbank/La Rochelle farm in Venterstad, A) the mixed site VBB1; B) the shallow site 
LRB2. 
B A 
Figure 15: The two sampling sites in Trompsburg are both situated on a private farm, A) the deep site VFB1; B) 
the shallow site VFB2. 
A B 
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sampling. This borehole is located approximately 10m from what is thought to be the original 
spring. The shallow site, borehole LRB2 (Figure 16B), is located approximately 4km away 
from VBB1. The total depth of the borehole is 36m. The main usage for the groundwater is 
agricultural.  
The Rooiwal thermal spring is also located adjacent to a major NE-SW trending dyke which 
crosses and merges with other dykes (Heaton & Vogel, 1979). The area surrounding this has 
also been intruded by sills and ring structures. The thermal spring could not be directly 
sampled. Therefore a nearby open borehole, RWB1c, containing warm water was the 
sampling site (Figure 17A). The depth of the borehole was not determinable, however the 
depth to water was 8.25m at the time of sampling. The shallow site, borehole RWB5 (Figure 
17B), is located approximately 1.5km away from the deep site and is connected to the main 
farming house for domestic uses. 
2.3.1.4 Aliwal North 
Aliwal North is a small town located in the Eastern Cape Province and is situated in close 
proximity to the Orange River. The warm spring was once a popular tourist attraction, however, 
due to lack of funding the resort has not been maintained. The spring is located on the south-
western side of a large dolerite ring structure (Mazor & Verhagen, 1983). This structure is cut 
by a major north-south trending dyke which at surface appears to have “cut-off” the south-
western part of the ring structure. The sub-surface geology of this area is complicated, and 
like other dyke, sill and ring complexes, it is not possible to identify particular structures that 
may impede flow at depth and provide conduits for upward flow. The Aliwal North spring, 
together with the Cradock spring (discussed in the next section), recorded the highest 
temperatures when measured by Kent, (1949) of 36.9°. The main spring discharges into the 
Figure 17: Two sampling sites at Rooiwal farm in Venterstad, A) the deep site RWB1c; B) the shallow site 
RWB5. 
A
A 
B 
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base of an indoor pool (Figure 18A) from where the deep site, ANS1, was collected. The 
shallow site, borehole ANBH1 (Figure 18B) is situated on a private farm approximately 4km 
away from Aliwal North Spa.  
 
2.3.1.5 Cradock 
Cradock is also a small town in the Eastern Cape Province in close proximity to the Groot 
Visrivier. Like Aliwal North, the warm spring used to be a popular tourist atraction. The Cradock 
thermal spring emanates from the Balfour Formation of the Beaufort Group, which consists 
mostly of mudstone with intercalated fine-grained sandstone (Kent, 1949). A dense distribution 
of dolerite sills and dykes can be seen at the surface, with one fairly major north-west trending 
dyke cropping out 1km west of the spring (Kent, 1949). The spring itself appears to be located 
outside the western edge of a complex ring structure. The highest measured temperature of 
this warm spring was 31°C (Kent, 1949). Similar to Aliwal North, the main spring and deep 
site, CRS1, discharges into a swimming pool with a sump at its base where the bubbling spring 
water rises (Figure 19A). The shallow site for this location, DRB4, is an enclosed borehole and 
is located approximately 9km away from CRS1 on a private farm and is used for livestock 
farming and domestic use (Figure 19B). The total depth of the borehole is 60m and the depth 
to water was 10m at the time of sampling. 
Figure 18: Two sampling sites in Aliwal North, A) the deep site ANS1 collected from the indoor pool at the old 
warm spring resort; B) ANBH1 was collected on a private farm approximately 4km away from ANS1.  
A B 
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2.3.1.6 Fort Beaufort 
The small town of Fort Beaufort in the Eastern Cape lies just south of the great escarpment 
and thus outside the central Karoo Basin. However, the dolerites are still present in this area, 
and the spring site sits approximately 3km north of a 100km long dolerite sheet that runs into 
the Indian Ocean. The area is characterised by folded sediments of the Middleton Formation 
of the Beaufort Group, which consists mostly of mudstone with interbedded sandstone, and 
the spring emanates from a point between anticline and syncline axes (Johnson, et al., 2006). 
The source of the spring flow is not known, but is postulated that recharge takes place above 
the escarpment some 20km north of the spring. The artesian, warm spring is situated on a 
private citrus farm, Bath Farm. Its temperature was reported to be 27-29°C in 1947 (Kent, 
1949). An artesian borehole, approximately 30m away from the inaccessible eye of the spring 
was sampled as the deep site, BFB1 (Figure 20A). Two suspected shallow sites were sampled 
in Fort Beaufort (BFB2 and RRB1). However, BFB2 (Figure 20B) was classified as a mixed 
site once the initial classification of the samples was conducted (explained in Chapter 1). This 
borehole is approximately 100m deep and approximately 3km away from site BFB1. RRB1 
(Figure 20C) is therefore the only remaining shallow site in Fort Beaufort. RRB1 is an enclosed 
borehole that is controlled by a solar panel situated approximately 10km away from site BFB1. 
The total depth of the borehole is approximately 65m and the depth to water at the time of 
sampling was approximately 50m. Both BFB2 and RRB1 are used for agricultural purposes. 
Figure 19: The two sampling sites in Cradock, A) the deep site CRS1 collected from the outdoor pool at the warm 
spring resort; B) the shallow site DRB4 collected on a private farm situated approximately 9km away from CRS1. 
B A 
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2.3.1.7 Leeu Gamka 
Leeu Gamka is a small town in the Western Cape situated south-west of the town of Beaufort 
West along the N1 highway. Leeu Gamka and Merweville (Section  
 
 
2.3.1.8 Merweville) are located on arenaceous and argillaceous sediments of the 
Abrahamskraal Formation which overlie the Cape Supergroup sediments (Johnson, et al., 
2006). The impact of the Cape Fold Belt is evident in the east-west trending shallow folds 
throughout this area. The source of the deep water is thought to be from recharge in the Cape 
Mountains to the south, and then via faults or fracture zones associated with the Cape Fold 
Belt. Boreholes on two farms, Kruidfontein and Groot Kruidfontein, located south of Leeu 
Gamka were sampled for this project. The potentially deep site at this location was unable to 
be sampled, therefore only one shallow and two mixed sites were sampled at this location. 
The shallow site, WP 502 (Figure 21A) was sampled on Groot Kruidfontein farm. The mixed 
boreholes, WP 505 and WP 508 (Figure 21B and C) were sampled on Kruidfontein and Groot 
Kruidfontein farms respectively. All of the groundwater sampled at this location is used for 
domestic and agricultural purposes. 
 
Figure 20: Three sampling sites in Fort Beaufort. All three sites were collected on private farms within 10km 
of each other. A) The deep site BFB1; B) the mixed site BFB2; C) the shallow site RRB1. 
A 
B 
C 
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2.3.1.8 Merweville 
As mentioned above, the Merweville and Leeu Gamka sites lie in similar geological settings. 
The Cape Supergroup forms the basement of the Karoo Supergroup in this area. The area is 
relatively low-lying when compared to the great escarpment to the north and the Cape Fold 
Belt to the south. Like other areas sandwiched between these two prominent geologic 
features, is a setting conducive to artesian pressures at depth.  
In 1965 Soekor, now PetroSA, along with the Geological Survey of South Africa drilled 24 
deep exploration wells throughout South Africa. The aim of this project was to investigate the 
existence of economic accumulations of oil in South Africa (Roswell & De Swart, 1976). No oil 
was found at the time and hence the boreholes were sealed with cement as part of the 
conditions of the exploration license that was granted. However, the seal on borehole SA1/66 
in Merweville (Figure 22A) failed and the groundwater was successfully sampled in 2012 as a 
result of artesian flow that was present at the time. The total depth of the borehole is 4169m 
and water was struck within the Dwyka Group at 3206m (Roswell & De Swart, 1976). The 
Figure 21: Three sites in Leeu Gamka, collected on two private farms. A) Shallow site WP 502 collected on 
the Groot Kruidfontein farm; B) Mixed site WP 508 collected on the Kruidfontein farm; C) mixed site WP 505 
collected on the Groot Kruidfontein farm. 
A 
B 
C 
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original drilling/geological log describes the water as artesian with a temperature of 46°C, a 
TDS of 8745 ppm and “a very high gas content” (Roswell & De Swart, 1976). Since 2012, the 
artesian character of the borehole has diminished and the borehole could not be sampled 
during this project. Therefore only a shallow site was collected at the Merweville location. The 
shallow borehole, MWB2 (Figure 22B) is situated on the same farm as SA1/66 approximately 
10km away. This groundwater is used for domestic purposes. 
2.3.2 Sampling procedure 
All boreholes were pumped for at least 30 minutes prior to sampling in order to remove any 
stagnant water and to ensure that “fresh” groundwater was sampled. The electrical 
conductivity (EC) was monitored whilst pumping took place and the sample was collected 
once the EC had stabilized. pH and temperature were then measured using an Extech EC500 
combined pH, EC and temperature probe. All the probes were calibrated on a daily basis. 
Field alkalinity was determined using a Hach digital titrator, and titrated to a pH of 4.5 using 
1.5M or 0.15M sulphuric acid and Green-Methyl Red and Phenolphthalein indicators. In all 
samples the total alkalinity was equal to the bicarbonate alkalinity (mg.L-1 HCO3-). Alkalinity 
was also measured in the Department of Soil Science at Stellenbosch University using a 
Metrohm 905 Titrano Autotitrator as well as at Duke University, USA. Samples for cations and 
anions, trace elements as well as boron, strontium, oxygen and hydrogen isotopes were 
collected in PP acid washed conical tubes. All water samples were filtered on site with 0.45µm 
Figure 22: Two samples sites in Merweville collected on a private farm. A) One of the deep SOEKOR exploration 
boreholes, SA1/66; B) the shallow borehole MWB2 approximately 10km away from SA1/66. 
A 
B 
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cellulose acetate filters. Cation samples were acidified to a pH less than 2 using ultrapure 
concentrated nitric acid. All samples were kept at less than 4°C in the field and transferred to 
fridges in the laboratory.  
2.3.3 Analytical techniques 
Major cations and trace elements were analysed on field acidified samples by ICP-MS/AES 
Laboratory in the Central Analytical Facility at Stellenbosch University using an Agilent 7700 
ICP-AES and 7700 ICP-MS respectively. Anion analysis was performed using a Waters IC-
Pak 717 Autosample- conductivity detector-Agillent 1120 pump in the Mass Spectrometry 
laboratory also in the Central Analytical Facility at Stellenbosch University. A charge balance 
was calculated using Cl-, Br-, NO3-, SO42-, Ca2+, K+, Mg2+ and Na+ all of which were analysed 
at Stellenbosch University, as well as laboratory alkalinity (mg.L-1 HCO3-) analysed at Duke 
University. With the exception of four samples, namely FLB5, CRS1, ANS1 and FLS1, the 
samples produced good charge balances within 5% difference. 
δ2H and δ18O isotopes were analysed relative to the SMOW, using a Finnigan GasBench II in 
the laboratories of the Environmental Isotope Group (EIG) at iThemba LABS in Johannesburg. 
Samples were calibrated to the SMOW standard and analytical precision is 0.2‰ for O and 
0.8‰ for H. δ11B ratios were analysed by thermal ionization mass spectrometry (TIMS) on a 
Thermo Fisher Triton at the Duke University TIMS Laboratory, USA. 11B/10B ratios were 
measured as BO2- ions in negative mode and normalized to a NIST standard NBS SRM-
95124. Oxygen, hydrogen and boron isotopes were reported in the usual δ notation: 
𝛿 (‰) = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
) × 1000 
 
where R represents the 18O/16O, D/H or 11B/10B ratio isotope.  
δ13C ratios of the dissolved inorganic carbon (δ13CDIC) were measured with the radiocarbon 
samples at either iThemba LABS in Johannesburg or at Beta Analytic in Florida, USA. Two 
10ml ampoules were collected for the 13C sample. This occurred while the samples were being 
pumped under backing vacuum. The δ13C ratio is then measured using an isotope ratio mass 
spectrometer (IRMS). Two in house standards were used at iThemba LABS, namely CSS and 
MHS1 with δ13C values of -6.8 and -2.82‰ respectively relative to PDB. The standard 
deviation for analyses was 0.05‰. At Beta Analytic the δ13C is analysed relative to VPDB. The 
standard deviation for analyses was 0.3‰. 87Sr/86Sr isotope ratios were measured on a 
NuPlasma HR MC-ICP-MS in the Department of Geological Sciences at the University of Cape 
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Town, South Africa and calibrated to the standard reference NIST987 standard using a value 
of 0.710255.  
2.4 Results 
As discussed in Chapter 1, the samples collected for this study have been divided into three 
groups; deep, shallow and mixed. In total, 19 samples were collected which include 8 shallow 
samples, 5 mixed samples and 6 deep samples. In all of the graphs the deep samples are 
represented by red squares, the shallow samples by blue diamonds and the mixed samples 
by green triangles. Many of the graphs show the parameter as a function of temperature of 
the samples. As mentioned in Chapter 1, temperature was one of the original proxies used for 
depth during this project. All of the results discussed in this chapter are presented in Table 4. 
2.4.1 Field parameters 
EC, pH, Oxidation-Reduction potential (ORP), temperature and the presence of H2S were 
measured in the field. Of these pH, ORP, temperature and H2S showed clear differences 
between the deep groundwater samples and the shallow groundwater samples. The deep 
samples had pH values between 9.1 and 10 ( A and B), negative ORP values between -165 
and -53 mV ( D) and temperatures generally above 25°C (). An exception to these values was 
ANBH1 where the pH was 7.5 and the temperature was relatively cold at 18°C ( A). The 
shallow samples had lower pH levels of between 7.1 and 7.9 ( A and B), positive ORP values 
between 80 and 130mV (D) and cooler temperatures lower than 25°C (). The mixed samples 
slightly overlapped with the shallow and deep samples with pH values between 7.4 and 8.4 
( A and B), negative ORP values between -106 and -169mV (D) and temperatures ranging 
from 18 to 27°C (). In comparison EC values did not show a clear differentiation between 
shallow and deep groundwater samples ( C). The total range of EC values was between 21 
and 1019 mS/m with a mean value of 174 mS/m. The shallow samples have values between 
50 and 249 mS/m, the mixed samples between 49 and 200 mS/m and the deep samples 
between 21 and 1019 mS/m. The presence of H2S indicated by the smell of rotten 
eggs/sulphur is a common feature of thermal springs and has been observed by Kent (1949) 
and Vogel, et al. (1980). The smell of rotten eggs as was observed in the field at specific sites 
(E) and was confirmed by the presence of H2S through noble gas analysis (F). H2S is observed 
in all of the deep and mixed samples, with the exception of site ANBH1, with values ranging 
between 5 and 47 µcm3 STP/kg for the deep samples and between 3 and 23 µcm3 STP/kg for 
the mixed samples ( E and F). Site ANBH1 contained negligible concentrations, as did all of 
the shallow samples. 
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Figure 23: Relationship between A) pH and temperature; B) pH and alkalinity; C) EC and temperature; D ORP and 
temperature); E) presence of sulphur smell and site name; F) H2S and site name of the groundwater samples 
collected in the Karoo Basin. Red squares = deep sites, blue diamonds = shallow sites, green triangles = mixed 
sites. 
2.4.2 Major ion chemistry 
Sodium concentrations are generally much lower in the shallow groundwater samples when 
compared to the deep samples (Figure 24A) with values between 23 and 280 mg.L-1. The 
deep samples contain higher concentrations between 144 and 2363 mg.L-1 with Cradock 
warm spring, CRS1, being an outlier with a significantly lower concentration of 43 mg.L-1. This 
is also reflected in the Stiff diagram shape of CRS1 shown in Figure 9 in Chapter 1. The mixed 
group overlaps with the deep and shallow group with values from 81 to 266 mg.L-1. When Na 
is represented as a percentage of all cations in milli equivalents (100 * Na/ (Ca + K + Mg + 
Na)), it distinguishes between deep, shallow and mixed samples better than when Na is 
represented in mg.L-1 (Figure 24B). The deep samples contain much higher percentages of 
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Na+ between 78 and 96%, whereas the shallow samples have the lowest percentages 
between 11 and 40% and the mixed samples plot between the deep and shallow samples with 
intermediate percentages between 47 and 89%. Magnesium and to some extent, Ca2+ 
concentrations show the opposite trend to Na+ concentrations as seen in Figure 24C and D. 
Higher Mg2+ concentrations between 10 and 73 mg.L-1 are measured in the shallow group, 
whereas only one deep site, ANBH1, contains any measurable Mg2+ at 1.3 mg.L-1. Only one 
mixed site, BFB2 in Fort Beaufort, contains significant Mg2+ with a concentration of 39.1 mg.L-
1, whereas the rest of the mixed sites have concentrations lower than 3 mg.L-1 (Figure 24C). 
Calcium concentrations overlap between the three groundwater groups (Figure 24D). In 
general, the shallow samples have higher concentrations between 26 and 148 mg.L-1. The 
deep samples have concentrations between 3 and 86 mg.L-1 and the mixed group have 
concentrations ranging from 14 to 76 mg.L-1. Potassium concentrations are relatively uniform 
throughout the different groundwater groups with concentrations between 0.3 and 17 mg.L-1, 
although VFB1 and FLB5 are outliers from both the deep and shallow groups respectively 
(Figure 24E). 
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Figure 24: Relationship between A) Na+ concentrations; B) %Na; C) Mg2+ concentrations; D) Ca2+ concentrations, 
site VFB1 is an outlier containing 432 mg.L-1, which is not shown; E) K+ concentrations and temperature as a proxy 
for depth in the groundwater samples from the Karoo Basin. Red squares = deep sites, blue diamonds = shallow 
sites, green triangles = mixed sites. 
Chloride concentrations are higher in most of the deep groundwater samples than in the 
shallow samples, with concentrations between 191 and 1034 mg.L-1 except for site CRS1 
which is an outlier containing only 24 mg.L-1 (Figure 25A). This is also reflected by the shape 
of the Stiff diagram for CRS1 in Figure 9 in Chapter 1. The shallow samples slightly overlap 
with the deep samples with concentrations between 12 and 463 mg.L-1 (Figure 25A). The 
mixed samples overlap quite significantly with the shallow samples with concentrations 
between 32 and 452 mg.L-1 (Figure 25A). Nitrate concentrations differ significantly between 
the three groundwater depth groups (Figure 25B). The shallow samples were the only group 
to contain any significant NO3- concentrations ranging from 0.5 to 24 mg.L-1. FLB5, the shallow 
site in Florisbad contains a much higher concentration than the other shallow sites, at 93.1 
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mg.L-1. The only deep site to contain any NO3- is FLS1, the deep site in Florisbad (Figure 25B). 
The mixed group also contains negligible NO3- concentrations. Figure 25C indicates that the 
deep groundwaters have higher fluoride levels than the shallow groundwaters. Little to 
negligible F- concentrations (less than 1.3 mg.L-1) are present in the shallow groundwater 
group. Moderate concentrations of between 2.1 and 3.7 mg.L-1 are present in the mixed 
groundwater group, and relatively high concentrations between 3.7-16.1 mg.L-1 are present in 
the deep groundwater group. Sulphate concentrations are not well distinguished between the 
deep, shallow and mixed groundwater samples (Figure 25D). Lower SO42- concentrations are 
observed in the deep samples, from below the detection limit of 2 to 23 mg.L-1. The 
concentrations of the shallow samples vary from 14 to 84 mg.L-1, whilst the mixed samples 
vary from below the detection limit to 219 mg.L-1. There is a slight increasing trend of Br- 
concentrations from the shallow to the deep samples (Figure 25E). The deep samples have 
concentrations between 0.1 and 4 mg.L-1, the mixed samples are between 0.2 and 1.5 mg.L-
1, and the shallow samples have concentrations between 0.1 and 2 mg.L-1.  
Total alkalinity (mg.L-1 HCO3-) was measured in the field as well as in the laboratory. Although 
the lab and field alkalinities results were similar (the lab alkalinity values were consistently 
higher than field alkalinities), a better charge balance was calculated when using the lab 
alkalinity. A significant decrease in alkalinity is observed with an increase in depth and 
temperature (Figure 25F). The deep sites have very low values ranging from 22 to 73 mg.L-1 
HCO3-. The shallow sites have higher values ranging from 236 to 764 mg.L-1 HCO3-. The mixed 
group is again intermediate and overlaps slightly with the shallow group with values ranging 
between 167 and 403 mg.L-1 HCO3-.  
Several molar ratios were assessed along with the absolute ion concentrations. The Na/Ca 
ratios of the shallow group are the lowest and range from 0.71 to 3.31 with DRB4 (shallow site 
in Cradock) being an outlier at 16.13 (Figure 26A). The mixed group overlaps with deep group 
and contains moderate ratios of between 6 and 18. The deep group contains the highest ratio 
values of between 7 and 62. The opposite trend seen with the Na/Ca ratio is observed with 
K/Na (Figure 26B) as well as with Mg/Ca (Figure 26C). These molar ratios show a decrease 
from the shallow samples to the deep samples, with the lowest values observed in the deep 
samples. The Na/Cl molar ratio also shows a decrease from the shallow samples to the deep 
samples (Figure 26D). The Cl/Br ratios of all groundwater samples overlap quite considerably 
and range from 295 to 877 (Figure 26E). The use of the Cl/Br molar ratio is important in 
Understanding the source of Cl- (Phillips, 2013), which is discussed further in Chapter 3. 
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Figure 25: Relationship between A) Cl- concentrations, site VFB1 with a concentration of 3869 mg.L-1 is not shown 
here; B) NO3- concentrations; C) F - concentrations; D) SO42- concentrations, site VFB1 with a concentration of 956 
mg.L-1 is not shown here; E) Br- concentrations, site VFB1 with a concentration of 23.39 mg.L-1 is not shown here; 
F) alkalinity and temperature of the groundwater samples collected in the Karoo Basin. Red squares = deep sites, 
blue diamonds = shallow sites, green triangles = mixed sites. 
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Figure 26: Relationship of various molar ratios and temperature; A) Na/Ca molar ratio; B) K/Na molar ratio; C) 
Mg/Ca molar ratio; D) Na/Cl molar ratio; E) Cl/Br molar ratio of the groundwater samples collected in the Karoo 
Basin. Red squares = deep sites, blue diamonds = shallow sites, green triangles = mixed sites. 
 
 2.4.3 Trace elements 
Of the 39 trace elements analysed, majority of the samples were below the detection limits 
and only four (U, V, Li and B) showed any significant trends between the three groundwater 
depth groups. Deep and shallow groundwater samples are well differentiated in lithium 
concentrations with higher concentrations observed in the deep group (Figure 27A). However, 
there is significant overlap of the mixed samples with the deep and shallow samples. The deep 
group contains Li concentrations ranging from 167 to 843 µg/L, the shallow group 
concentrations are between 15 and 265 µg/L and the mixed group concentrations are between 
50 and 946 µg/L. Site VFB1 in Trompsburg is an outlier with an anomalously high 
concentration of 6814 µg/L (not shown in Figure 27A). Vanadium is present in significantly 
higher concentrations in the shallow group when compared with the mixed and deep groups 
(Figure 27B). The shallow group has concentrations of between 0.6 and 93 µg/L, while the 
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mixed and deep groups contain negligible vanadium concentrations (<0.6 µg/L). Like 
vanadium, uranium is present in significantly higher concentrations in the shallow group when 
compared with the mixed and deep group (Figure 27C). Uranium concentrations for the 
shallow group range between 2.5 and 41 µg/L, while the deep and mixed groups contain less 
than 0.36 µg/L, except for site BFB2 (a mixed site in Fort Beaufort), which contains 1.3 µg/L. 
Like lithium, boron concentrations are present in higher concentrations in the deep samples, 
and show relatively good differentiation between the deep, shallow and mixed sites (Figure 
27D). The deep group has a wide spread in boron concentration from 473 to 3065 µg/L. The 
shallow group contains the lowest B concentrations of between 42 – 753 µg/L, while the mixed 
group plots between the deep and shallow groups with some overlap between 333 and 761 
µg/L.  
Figure 27: Relationship between A) Li concentrations, site VFB1 containing Li a concentration of 6814 µg/L is not 
shown; B) V concentrations, site DRB4 containing the highest V concentration of 93 µg/L is not shown in this figure; 
C) U concentrations; D) B concentrations, and temperature for the groundwater samples collected in the Karoo 
Basin. Red squares = deep sites, blue diamonds = shallow sites, green triangles = mixed sites. 
2.4.4 Stable isotopes (O, H, C and B) 
The standard δ2H versus δ18O plot showing results from the groundwater samples collected 
throughout the Karoo Basin in reference to the Global Meteoric Water Line (GMWL) (Craig, 
1961) as well as the Local Meteoric Water Line (LMWL) for southern Africa where δD = 6.1 
δ18O + 5‰ (IAEA, 1981) is displayed in Figure 28. The results of this study correlate well with 
the LMWL (Figure 28A). A weak evaporation and condensation trend is observed by the 
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samples in comparison to the GMWL. Comparison of the δ2H and δ18O values shows the deep 
groundwater is depleted in the heavy isotopes with respect to the shallow group. The deep 
group has δ18O ratios ranging from -6.7 to -7.7‰ and δ2H values ranging from -36 to -39‰. 
The shallow group plots higher up the GMWL, with a considerably wider range in δ2H and 
δ18O values. The shallow group has δ18O values ranging from -5.2 to 0.4‰ and a wide range 
of δ2H values between -28 and 3‰. The shallow site from Leeu Gamka, WP 502, is the only 
site with a positive δ2H and δ18O value. The mixed group records a relatively narrow range of 
δ18O values between -4.7 and -5.7‰ and δ2H values between -32 and -34‰ which is distinct 
from the deep group but overlaps slightly with the shallow group.  
δ13CDIC values of the groundwater samples are shown in Figures 28B, C and D. Overall the 
δ13CDIC values are generally high, with one of the deep samples (BFB1) recording a positive 
value of 4.7‰. δ13CDIC values for the deep boreholes are much more variable and range from 
-26‰ to 4.7‰. The δ13CDIC values for the shallow and mixed groups overlap considerably and 
are more homogenous ranging from -4.6 to -13.6‰ and -11.3 to -14.8‰ respectively.  
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Figure 28: Relationship between A) δ18O and δ2H with the GMWL and LMWL; B) δ13CDIC and temperature; C) 
δ13CDIC and 14C as an indicator of depth; D) δ13CDIC and alkalinity; E) δ11B isotopic ratio and temperature of the 
groundwater samples collected throughout the Karoo Basin. Red squares = deep sites, blue diamonds = shallow 
sites, green triangles = mixed sites. 
The groundwater samples were also analysed for δ11B isotopic ratios (Figure 29), although 
only four of the shallow samples could be analysed because of the low to very low B 
concentrations in the shallow group. There is a general trend of increasing boron content with 
an increase in δ11B ratios observed in the mixed and deep groundwater samples (Figure 29). 
The shallow sites have relatively high 11B ratios between 27 and 35‰ coupled with low B 
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concentrations between 43 and 753 µg/L (Figure 29), whereas both of the deep and mixed 
samples have a wide range of δ11B values between 5 and 30‰, coupled with higher B 
concentrations between 473 and 3065 µg/L. The mixed group plots between the deep and 
shallow groups (Figure 29).  
Figure 29: Relationship between δ11B and B concentrations for the groundwater samples from the Karoo Basin. 
Red squares = deep sites, blue diamonds = shallow sites, green triangles = mixed sites. 
2.4.5 Radiogenic isotopes (Sr) 
87Sr/86Sr ratios for the deep, mixed and shallow groundwaters are relatively uniform and vary 
between 0.70887 and 0.71840. Two of the deep groundwater samples have highly radiogenic 
87Sr/86Sr ratios of 0.77719 and 0.75392 (Figure 30 A). These samples are the two northern-
most sites in the study area, FLS1 and VFB1 in Florisbad and Trompsburg respectively, where 
the base of the Karoo Basin shallows. At least one of these boreholes, VFB1, is known to 
intersect basement rocks consisting of mafic igneous rocks. Sr concentrations in the deep and 
shallow groups are correlated with Cl concentrations but the Sr/Cl molar ratio is markedly 
different between the groups with higher values observed in the shallow group (average values 
of 0.001 for the deep groundwater compared to 0.01 for the shallow groundwater) (Figure 30 
B). 
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Figure 30: Relationship between A) 87Sr/86Sr ratio; B) Sr/Cl molar ratio versus the temperature of the samples 
collected in the Karoo Basin. Red squares = deep sites, blue diamonds = shallow sites, green triangles = mixed 
sites. 
2.5 Discussion 
Chapter 1 classified the groundwater samples collected throughout the Karoo Basin into three 
groups: deep, shallow and mixed. This was based on temperature and major ion chemistry in 
the form of Stiff Diagrams. This classification was then validated using radiocarbon activities 
of the samples. The remaining parameters, such as field measurements, trace element 
chemistry as well as stable isotopes and radiogenic isotopes, were presented in this chapter. 
Differences observed between the deep, shallow and mixed groundwaters are likely controlled 
by geochemical processes and/or length of contact time with the host lithologies. A general 
overview of the main characteristics of and differences between the deep, shallow and mixed 
groundwaters, in addition to potential explanations for these differences are discussed in the 
sections below. 
2.5.1 Characterisation of Karoo groundwater 
A piper diagram was constructed using the major anions and cations of all of the samples 
collected in this study in order to identify the dominant groundwater type for each group (Figure 
31). The dominant cation and anion of the deep groundwater samples are Na and Cl 
respectively, making this group NaCl-type water. The dominant anion of the shallow group is 
HCO3- and the dominant cations are mixed, making the shallow groundwater mixed-HCO3--
type water. The dominant cation of the mixed group is Na and the dominant anions are HCO3- 
and Cl-, making this a Na-HCO3--Cl-type water. Stiff diagrams were also used to differentiate 
between deep, shallow and mixed groundwaters in this project. A summary of the Stiff diagram 
shape of each site was discussed in Chapter 1. In summary, the deep sites had ‘Y’ shaped 
Stiff diagrams and the shallow sites had hexagonal shaped Stiff diagrams. The mixed samples 
had ambiguously shaped Stiff diagrams that could be categorized with neither the deep nor 
shallow sites. 
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Figure 31: Piper diagram of the Karoo Basin groundwater samples showing the three groundwater depth groups 
and their respective groundwater types/facies depending on where they plot on the piper diagram. Red squares = 
deep sites, blue circles = shallow sites, green triangles = mixed sites. 
2.5.1.1 Shallow groundwater 
The shallow groundwater samples collected throughout the Karoo Basin as part of this project 
can be described by the following characteristics. The groundwater is a mixed-HCO3-- type 
water that is typically cooler than 25°C. pH values lower than 8, positive ORP values and 
negligible H2S concentrations were observed in the field. In general, the shallow groundwater 
is experiencing aerobic conditions in an oxidising environment. A trend of higher 
concentrations of Mg2+, Ca2+, NO3-, SO42- and alkalinity in mg.L-1 HCO3- in comparison to the 
deep groundwater is observed, whereas lower concentrations of Na+, K+, Cl-, F- and Br- are 
observed. Higher V and U concentrations are observed in comparison to the deep 
groundwater, whereas lower Li and B concentrations are present. Higher 18O and 2H ratios 
are characteristic in comparison to the deep and mixed samples. The Sr isotopic ratios of the 
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shallow groundwater samples are relatively homogenous with respect to the deep and mixed 
groups.  
2.5.1.2 Deep groundwater 
In general, the deep groundwater can be classified as a NaCl type water. Field indicators of 
deep groundwater include pH levels above 9, negative ORP values, significant concentrations 
of H2S indicated by a sulphur/rotten egg smell and temperatures above 25°C. As previously 
mentioned in Chapter 1, groundwater with a temperature below 25°C can also be classified 
as deep, such as with site ANBH1 in Aliwal North. Na+, Ca2+ and K+ are observed in higher 
concentrations in the deep groundwater, while Mg2+ is the only cation that is more depleted in 
the deep groundwater samples with respect to the shallow groundwater samples. Cl- and F- 
are observed in higher concentrations in the deep groundwater, while NO3- and SO42- are more 
depleted in the deep groundwater with respect to the shallow groundwater samples. The deep 
site in Cradock, CRS1, is an outlier in that it contains both low Cl and Na concentrations in 
comparison to the other deep sites. Figure 9 in Chapter 1 shows that the deep sites produced 
‘Y’ shaped Stiff diagrams. In contrast to the shallow groundwater samples, the deep 
groundwater samples were characterised by low uranium and vanadium concentrations and 
high boron and lithium concentrations. Lower 18O and 2H values than those in shallow 
groundwater are observed. As mentioned above, the Sr isotopic ratios produced relatively 
uniform results for all the groundwater samples, with the exception of two deep samples, 
namely VFB1 and FLS1. In summary, the deep groundwater is experiencing anaerobic 
conditions in a reducing environment with respect to the shallow groundwater.  
2.5.1.3 Mixed groundwater 
Overall, the mixed groundwater samples can be identified as a combination between a 
NaHCO3 and a NaCl type water. In general, the mixed groundwater has field parameters, 
major ion and trace element concentrations as well as stable isotopic values in between those 
of the deep and shallow groundwaters. Figure 8 in Chapter 1 shows that ambiguously shaped 
Stiff diagrams were produced for the mixed groundwater samples, which could not be 
classified with either the deep or shallow samples. This suggests that the mixed groundwaters 
have been influenced by deeper groundwaters yet they also some have some characteristics 
more indicative of shallow groundwater, and probably represent mixtures between the two 
groundwater systems.  
2.5.2 Controls on water chemistry 
Groundwater samples collected throughout the Karoo Basin for this project were categorised 
as deep, shallow or mixed in Chapter 1, and their specific characterisations were identified in 
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previous sections of Chapter 2. The following sections aim to identify geochemical processes 
occurring in the Karoo Basin which could potentially explain the differences observed between 
deep, shallow and mixed groundwater. The three processes identified as important are: (1) 
redox reactions; (2) precipitation-dissolution reactions and (3) water-rock interactions, 
although these are not likely to operate independently of each other. 
2.5.2.1 Role of redox reactions 
Anoxic conditions and reducing environments are expected in deeper groundwater aquifers 
where there is little to no contact with the atmosphere. Some evidence of reducing conditions 
is seen in the results of this study. For example, negative ORP values are observed in the 
deep samples, whereas positive ORP values are observed in the shallow samples (Figure 
33A and B). This suggests that the deep groundwater is in a reducing environment with 
respect to the shallow groundwater in this study, which is in an oxidizing environment. The 
mixed groundwater also have negative values, however, these are more positive than the 
deep samples, suggesting that the mixed samples have been influenced by deeper 
groundwater at some point in time. Furthermore, U and V concentrations, and potentially other 
metals, may be low in the deep groundwater as a result of anoxic conditions. Uranium 
concentrations were further investigated as a result of the presence of the Uranium Province 
in the Karoo Basin (Figure 32). 
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Figure 32: Map of the Karoo Basin in South Africa, including the Uranium Province of the Adelaide Subgroup in 
the Beaufort Group (Cole, et al., 1991). The Beaufort, Stormberg and Ecca Groups are shown. The shapefiles were 
provided by the Council for Geoscience of South Africa.  
Significant U concentrations in the shallow groundwater samples (Figure 33A and C) 
correlates well with the presence of the uranium province in the Karoo (Figure 32), more 
specifically in the Adelaide Subgroup of the Beaufort Group. The Adelaide Subgroup is not 
very deep stratigraphically and is thought to occur above the depths at which the deeper 
groundwater samples are sourced. This could potentially explain why there are no significant 
U concentrations in the deep or mixed groundwater samples. This is one potential explanation 
for the presence of U in the shallow groundwater. Another explanation is that the U is mobilized 
by NO3- in the shallow groundwater (Figure 33C). In the Karoo uranium province, U is likely to 
be present as U4+ in minerals. Nitrate has been shown to abiotically oxidize U4+ minerals to 
U6+ making it available to form soluble uranium carbonate complexes. This is particularly so 
in alkaline groundwater, where U is normally present in the form of U carbonate or U hydroxide 
anions (Ryan, 2014). Although the deep groundwater is alkaline, carbonate concentrations 
are abnormally low and this probably acts to prevent the formation of soluble U species (Nolan 
& Weber 2015; Senko et al., 2002). Moreover, the absence of nitrate in the deep groundwater 
(along with very low iron concentrations) prevents the formation of soluble U species in the 
first place (Nolan & Weber, 2015). Schwerdtfeger (2015) suggests that organic carbon (OC) 
can act as a buffer against the mobilization of U in deeper groundwater systems. It is for this 
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reason that OC and dissolved organic carbon (DOC) should be measured in future monitoring 
schemes. 
 
Figure 33: Relation between A) ORP and U concentrations; B) ORP and pH; C) NO3- and U concentrations of the 
samples collected in the Karoo Basin. Red squares = deep sites, blue diamonds = shallow sites, green triangles = 
mixed sites. 
As previously discussed, elevated NO3- concentrations exist in the shallow groundwater 
samples. This is not unexpected as NO3- contamination of groundwater is a common finding 
in agricultural areas (Tredoux & Talma, 2006; Heaton, et al., 1983). This is a result of the use 
of fertilizers in which ammonium (NH4+) is oxidized to NO3- through the process of nitrification 
(Kim, et al., 2003). The oxidation process of NH4+ is consistent with the oxidizing conditions 
occurring in the shallow groundwater of the Karoo Basin. The reaction equation for nitrification 
is as follows: 
2𝑁𝐻4
+ + 3𝑂2  → 2𝑁𝑂2
− + 2 𝐻2𝑂 + 4𝐻
+ 
2𝑁𝑂2
− +  𝑂2  → 2𝑁𝑂3
− 
𝑁𝐻3 +  𝑂2  → 𝑁𝑂2
− + 3𝐻+ + 2𝑒− 
𝑁𝑂2
− + 𝐻2𝑂 → 𝑁𝑂3
− + 2𝐻+ + 2𝑒− 
The deep groundwater samples contain little to negligible NO3 as a result of denitrification. 
This is the reduction process through which NO3- is reduced to N2 gas (Knowles, 1982; 
Tredoux & Talma, 2006). The reduction of NO3- is consistent with the reducing conditions 
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occurring in the deeper groundwater samples. The reaction equation for denitrification is as 
follows: 
𝑁𝑂3
−  → 𝑁𝑂2
− → 𝑁𝑂 + 𝑁2𝑂 → 𝑁2 (𝑔) 
2𝑁𝑂3
− + 10𝑒− + 12𝐻+  →  𝑁2 + 6𝐻2𝑂 
2.5.2.2 Role of precipitation-dissolution reactions  
Several molar ratios as well as absolute major ion values show evidence of various 
precipitation and/or dissolution processes for different minerals (Negrel & Petelet-Giraud, 
2005; Edmunds & Smedley, 2000).  
Lower Mg2+ and Ca2+ concentrations, including the Mg/Ca molar ratio, are recorded in the 
deep groundwater in comparison to the mixed and shallow samples. This is possibly due to 
cation exchange within the aquifer matrix. Another possible solution to the decrease of Mg is 
that both Mg2+ and CO3- are lost due to the formation of MgCO3. The same trend was also 
observed by Edmunds & Smedley, (2000) in their research of the Sherwood Sandstone 
Aquifer in the East Midlands, UK. It was concluded that the Mg/Ca molar ratio decreases with 
an increase in depth due to the dissolution of gypsum which in turn forces the precipitation of 
calcite (CaCO3) (Edmunds & Smedley, 2000). This is consistent with the low alkalinity (HCO3- 
alkalinity) observed in the deep groundwater as a result of the precipitation of CaCO3. This is 
also consistent with the pattern of increasing pH with an increase in depth and temperature 
observed throughout this project. 
Sodium concentrations are significantly higher in the deep groundwaters which could be the 
result of dissolution of Na rich plagioclase feldspar present in the host lithologies (Edmunds & 
Smedley, 2000; Shabalala, et al., 2015). The K/Na ratio decrease from the shallow to deep 
samples is consistent with the reaction of illite with kaolinite which was also observed by 
Edmunds and Smedley (2000). The reaction is as follows: 
2𝐾𝐴𝑙3𝑆𝑖3𝑂10(𝑂𝐻)2 + 2𝐾
+ + 3𝐻2𝑂 → 3𝐴𝑙2𝑆𝑖2𝑂5(𝑂𝐻)4 + 2𝐾
+ 
Elevated F- has previously been observed in deep groundwater throughout the Karoo Basin 
(Kent, 1949; Bond, 1946). It is thought to be the result of longterm dissolution of fluorite and 
concomitant partial removal of calcium, as mentioned above. 
𝐶𝑎𝐹2 +  2𝐻2𝑂 →  𝐶𝑎(𝑂𝐻)2 + 2𝐹
− + 2𝐻+ 
Patterns in B concentrations are interesting due to the potential importance of δ11B isotope 
ratios for tracing contamination of fracking fluids. Studies regarding the use of the δ11B isotope 
as a tracer of fracking fluids have been conducted in the United States (Warner, et al., 2014). 
Boron is derived from various minerals and is known to be present in significant quantities in 
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thermal water where it is speculated to develop due to slow dissolution rates, enhanced by 
higher temperatures (Vengosh, et al., 1994). This is consistent with the B results of this study, 
where higher concentrations of B were observed in the deep groundwater samples compared 
to the shallow and mixed groups. 
2.5.2.3 Role of water-rock interaction 
Lithium is frequently found in association with sodium and its isotopes have been suggested 
as tracers for fracking fluids (Warner, et al., 2014). Edmunds and Smedley (2000) also 
observed an increase in Li concentrations with an increase in depth. It was concluded that this 
is due to the presence of Li in clay minerals, which are released in to the groundwater over 
extended periods of time. As previously mentioned, high Na+ concentrations are observed in 
the deep groundwaters. One potential explanation of this trend is the dissolution of Na rich 
plagioclase feldspar, mentioned above. Another reason could be the result of longer contact 
time of the deep groundwaters and the host lithologies which consist of sodium rich 
plagioclase feldspars (Shabalala, et al., 2015). Another source of Na+ could be fossil salts 
locked up in marine sediments. This supports the B data described below. 
Boron isotope ratios of the groundwater sampled in this project display a wide variation in 
values. These values reflect the range of δ11B found in nature; from +40 ‰ in the marine 
environment, and values of approximately 30‰ reflect boron from sediments, such as clay, 
deposited in a marine environment. More negative values are observed in continental 
sediments (Vengosh, et al., 1994). Another source of isotope fractionation is preferential 
absorption of 10B during interaction with clays which tends to increase δ11B during increased 
contact with clays underground (Warner, et al., 2014). The values of the samples from the 
Karoo Basin did not exceed 35‰. The shallow groundwater samples, as well as one deep 
sample, VFB1, have δ11B values of approximately 30‰, reflecting clay sediments deposited 
in a marine environment. This is consistent with the host lithologies and the depositional 
environment of the Karoo Basin. Seawater remnants are expected to have δ11B of >39‰, 
hence the lower δ11B values in the groundwater in this study more likely reflects mobilization 
of exchangeable boron from marine clay minerals (Vengosh et al., 1994). Two of the deep 
sample sites (VFB1 and FLS1) are from the most northern part of the study area where the 
basin begins to thin. The groundwater samples from these two sites are therefore suspected 
to come from basement rocks underlying the Karoo Basin. These two sites have the lowest 
11B values for the deep group and these values may reflect a contribution from crustal rocks. 
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2.5.3 Palaeorecharge signature 
Lower, more depleted 18O and 2H values are observed in the deep samples with respect to 
the shallow samples. The higher, more enriched 18O and 2H values observed in the shallow 
group suggest these groundwaters are recently recharged. This is expected from shallow 
groundwater samples collected from boreholes of less than 100m deep. Furthermore, a slight 
evaporation trend is observed in the shallow samples is characteristic of shallow groundwater 
near the surface as the aquifers are more susceptible to evaporation, especially in arid to 
semi-arid areas such as the Karoo Basin. However, the deeper samples with more depleted 
18O and 2H values show trends consistent with paleoclimate recharge of about 6000 years 
ago during the Holocene Epoch. This is a well-known phenomenon regarding stable isotopes 
of O and H and has also been documented in the South African context (Kulongoski, et al., 
2004; Heaton, et al., 1986; Holmgren, et al., 2003; Kulongoski, et al., 2004; Stute & Talma, 
1997).  
The 87Sr/86Sr ratio of the Permian seawater was approximately 0.7077 when the Karoo Basin 
was deposited at 283 Ma (McArthur, et al., 2001). The 87Sr/86Sr ratios measured in the 
groundwater samples collected for this project, which range from 0.70887 to 0.77719, are 
higher, in two instances significantly, than the seawater. This has also been observed in a 
study conducted in the Karoo Basin by Herbert & Compton (2007). Therefore the 87Sr/86Sr 
ratios observed in the Karoo Basin could be influenced from another source, such as the 
basement granitic rocks, which contain higher isotopic ratios. While this confirms that the water 
from the deep Trompsburg borehole VFB1 originates, at least partly, from the basement 
gneisses where water was struck, it also suggests that the groundwater sourced from the deep 
site at Florisbad, FLS1, may have a very deep flow path and be in contact with basement 
rocks. This also gives reason to why sample sites VFB1 and FLS1 are often outliers in trends 
observed throughout the data.  
2.5.4 Impact of methanogenesis 
The wide range of δ13CDIC values between -26 to 4.7‰ for all of the groundwater analysed in 
this project implies that majority of the DIC is derived from carbonates (Edmunds & Smedley, 
2000). However, the Karoo Basin is dominated by silicate rocks and not carbonates. δ13CDIC 
values of between -20 and -17‰ are derived from the weathering of silicate minerals which 
are widespread throughout the basin. Interestingly only two samples (WP 505 which is a mixed 
sample from Leeu Gamka, and ANBH1 which is a deep sample with a lower temperature in 
Aliwal North) have isotopic values within this range. Therefore the DIC must be derived from 
another source. The majority of the shallow and mixed samples have relatively uniform δ13C 
ratios which are consistent with those indicative of C4 plants by which the Karoo Basin is 
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dominated. However, two of the deep sites, VFB1 and FLS1, have more negative δ13C values 
which are more consistent with C3 plants. It is possible that a change in vegetation occurred 
over time and that these samples reflect δ13C ratios indicative of the Karoo Basin being 
previously dominated by C3 plants. Moreover, the remaining deep samples, CRS1 and BFB1, 
have less negative and even positive δ13C ratios, in the case of site BFB1. These higher δ13C 
values suggest another process is the cause, which could potentially be methanogenesis 
caused by the direct reduction of CO2. It is thought that direct reduction of the CO2 is 
responsible, as opposed to the other method of methanogenesis, acetate fermentation, which 
results in a significant increase in δ13CDIC values (meaning that all values would be more 
positive). However, this increase would also result in a significant increase in the 14C content 
of the samples, suggesting that the deeper groundwaters are in fact relatively young with some 
component of mixing. This idea was excluded because of the low 14C content in percent 
modern Carbon (pmC) of the deeper groundwater samples, which indicates longer residence 
times. This is further supported by the low tritium activities as well as the low chlorine 36 and 
high helium content measured in the deep samples. These isotopes and estimated residence 
times are discussed further in Chapter 3. 
Methanogenesis also explains the unexpected trend of increasing pH with a decrease in 
alkalinity in deeper groundwaters, whereby carbon is consumed by microbial activities 
resulting in a decrease in the alkalinity and an increase in the pH. Methanogenesis is a more 
likely reason because this hypothesis also supports the relatively high values of the δ13CDIC 
measured in the samples. This further suggests that the deeper groundwater samples are in 
fact occurring in an anoxic, reducing environment which is supported by the negative ORP 
values as well as high H2S concentrations observed in the deep groundwater samples. H2S, 
when present in natural, unpolluted situations is an indicator for anoxic or reducing conditions 
generally associated with deeper flow. 
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Results from a study conducted by Cartwright (2010) focussed on a silicate-dominated basin 
in Australia, concluded that enriched δ13C values ranging from -18 to 2‰ were the result of 
methanogenesis via direct reduction of CO2 in the groundwater. Figure 34 displays three 
trends (represented by the black arrows) observed by Cartwright (2010) as well as Coetsiers 
& Walraevens (2009), which are in good agreement with the data collected in this project. 
Figure 34A displays a trend of increasing alkalinity with an increase in δ13C from the deep, to 
the shallow samples and correlates with the methanogenesis trend shown by the black arrow 
(Cartwright, 2010). Figure 34B shows Ca2+ as a function of δ13C. The data from this study 
corresponds well to the two trends seen in Coetsiers & Walraevens (2009), namely (1) calcite 
dissolution and (2) methanogenesis. Figure 34C presents SO42- concentrations as a function 
of δ13C. The deep samples have uniformly low SO42- concentrations which are in good 
agreement with the methanogenesis trend observed in the study by Coetsiers & Walraevens 
(2009). 
Figure 34: Relationship between A) δ13C values and alkalinity in mg.L-1 HCO3-. The arrow indicates the expected 
trend for calcite dissolution, cation exchange and methanogenesis (Coetsiers & Walraevens, 2009); B) Ca2+ 
concentrations and δ13C values. The arrows indicate the expected trend for (1) calcite dissolution and (2) 
methanogenesis (Coetsiers & Walraevens, 2009); C) SO42- concentrations and δ13C values. The arrow indicates 
the expected trend for methanogenesis (Coetsiers & Walraevens, 2009; Cartwright, 2010). Red squares = deep 
sites, blue diamonds = shallow sites, green triangles = mixed sites. 
1 
2 
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Figure 35 shows C1/(C2+C3) as a function of δ13CCH4, more commonly known as a Bernard 
Plot. The results from this study are shown on the reference diagram (Darling, 2013). A 
microbial oxidation trend is observed, further supporting the hypothesis of methanogenesis 
affecting in the deep groundwater samples. 
Figure 35: Bernard plot of the samples collected throughout the Main Karoo Basin. References from the Bernard 
plot in Darling (2013) are indicated on the diagram. 
2.5.5 Variation in the deep groundwater signature  
All six of the deep samples show the same trends when observing some parameters such as 
pH, alkalinity, NO3-, δ18O and δ2H. However, when looking at the temperature, 87Sr/86Sr, δ13C 
and δ13B ratios of the deep groundwater samples, some of the sites do not conform to the 
general trends. This suggests that the deep groundwater samples collected in this study 
originate from multiple sources which are being affected by different recharge timescales. This 
is further investigated in Chapter 3 where residence times of the groundwater samples will be 
calculated using four different isotopic dating methods.  
As mentioned in Chapter 1, temperature is a common indicator of deep groundwater. This is 
based on the assumption that warmer water must come from deeper crustal levels due to the 
lack of another obvious heat source in the Karoo Basin and hence why thermal springs and 
boreholes were targeted in this project. However, it would appear that low temperature is not 
a sufficient condition to classify a source as shallow. Two sites (ANBH1 located in Aliwal North 
and BFB1 from the Fort Beaufort Sulphur Baths) have temperatures below 25oC while all other 
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parameters are indicative of deep groundwater. The most likely explanation for this would be 
the slow migration of the groundwater, which could be extremely variable and site specific, to 
the surface. As a result of this slower migration process, the temperatures of the groundwaters 
cool. This further supports the contention that although high temperatures are a clear indicator 
of deep groundwater, a low temperature does not preclude the possibility that the groundwater 
has circulated at depth.  
2.5.6 Origin of mixed groundwater samples 
Five of the groundwater samples collected could not be classified as either deep or shallow 
based on explanations discussed in Chapter 1. Therefore, these samples were categorised 
as ‘mixed’ groundwater. There are three potential origins of the groundwater labelled as mixed: 
(1) the samples are either deep or shallow samples that have been wrongly identified; (2) the 
samples represent genuine mixtures of the deep and shallow groundwaters; or (3) they could 
be a completely different groundwater type originating from a different source altogether. To 
test which is the more likely explanation, the mixed groundwater samples were evaluated 
against how many indicators from Groups 1 and 2 in Table 1 they conformed with. It was 
concluded that the mixed sites conformed to half of the parameters indicative of deep 
groundwater, implying that the mixed samples are in fact a mixture of the deep and shallow 
groundwater samples. Although the mixed groundwater samples seem to genuine mixtures of 
the deep and shallow groundwater sampled in this project, the classification is based on only 
5 samples. Therefore, other explanations cannot be excluded. Because of the concerns 
regarding contamination of shallow groundwater by either deep groundwater of poorer quality 
or by fracking fluids, understanding the formation of these mixed groundwaters and their 
significance to deeper flow systems is of paramount importance.  
2.6 Conclusions 
From the vast number of geochemical parameters measured for the 19 samples collected for 
this study, it was possible to characterise the deep, shallow and mixed groundwaters based 
on patterns and reaction processes that emerged from the results. In general, the shallow 
groundwater samples of the Karoo Basin sampled in this project have cooler temperatures 
below 25°C, low pH values less than 8, high alkalinity values and the groundwater can be 
classified as a mixed-HCO3--type water. The deep groundwater can be characterised by a 
higher temperature above 25°C, however, this is not always the case. Higher pH values above 
9, low alkalinity values below 80 mg.L-1 HCO3-, negative ORP values and considerable H2S 
concentrations are prevalent. The groundwater can be classified as NaCl-type water. Overall, 
the mixed samples have characteristics that are intermediate with respect to the deep and 
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shallows samples. As mentioned in Chapter 1, these sites could not be classified as either 
deep or shallow on the basis of temperature, Stiff diagram shape and 14C value and were 
therefore labelled as mixed groundwater. There are thought to be three possible origins for 
these samples: (1) the samples are either deep or shallow samples that have been wrongly 
identified; (2) the samples represent genuine mixtures of the deep and shallow groundwaters; 
or (3) they could be a completely different groundwater type originating from a different source 
altogether.  
The process of nitrification occurs in the shallow groundwaters and is exacerbated by the 
agricultural practices near to many of the shallow sampling sites, resulting in an increase in 
NO3- concentrations. In contrast, the process of denitrification occurs in the deep groundwater 
resulting in an absence of NO3- concentrations. It is also thought that NO3- allows for the 
mobilization of U, hence why U is only present in the shallow groundwater samples. Evidence 
of cation exchange is present in the deep groundwater samples when observing low Ca2+ and 
Mg2+ concentrations. However, low Mg/Ca molar ratios coupled with low alkalinity in the deep 
groundwater, could also indicate evidence of calcite precipitation. Increased Na+ 
concentrations in the deep groundwater occur as a result of increased contact time with the 
host lithologies, the reaction of illite with kaolinite or fossilised salts present in marine 
sediemnts. Elevated F- in the deep groundwater is the result of dissolution of F-. Enriched B 
concentrations in the deep groundwater in comparison to the shallow groundwater are the 
result of slow dissolution rates occurring in groundwaters with higher temperatures.  
The δ11B values of the shallow samples reflect values typical of boron from sediments, such 
as clay, deposited in a marine environment which is consistent with the Karoo Basin 
depositional environment. Depleted δ18O and δ2H values in the deep groundwater samples 
are in agreement with Paleoclimate conditions from at least 6000 years ago. In general, the 
shallow groundwater is experiencing oxidizing conditions as is evident by the positive ORP 
values and the lack of H2S. In contrast, the deep groundwater is experiencing anoxic 
conditions in a reducing environment as is evident by the negative ORP values, significant 
presence of H2S as well as the indications of methanogenesis. Significant variations in the 
characteristics of some of the deep groundwater samples are observed, suggesting that the 
deep groundwater sampled in this project originates from multiple sources.  
Further investigation and characterisation of the groundwater in the Karoo will allow for a more 
in depth understanding of the different groundwater systems and how they may potentially be 
affected through the fracking process.  
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CHAPTER 3 – Distinguishing groundwater systems using multiple 
radiometric dating techniques 
3.1 Introduction 
Groundwater is an important resource and requires proper management and protection, 
particularly in arid and semi-arid regions. Two of the key questions often asked in groundwater 
resource management are how old is the resource and how long will it last. These questions 
are frequently answered using radiometric dating and it implies the length of time that the 
groundwater has been in the aquifer. The basic principle of radiometric dating is that if the rate 
of decay of a radioactive parent isotope is known, and the concentration of the daughter 
isotope can be measured, then the time taken to accumulate the daughter isotope gives an 
indication of how old a sample is (Bethke & Johnson, 2008). For groundwater systems, 
radiometric dating works along the assumption that the concentrations of the daughter and 
parent isotopes are in secular equilibrium with the atmosphere. When the groundwater 
becomes isolated from the atmosphere, the concentration of the parent isotope decreases 
and the concentration of the daughter isotope increases and accumulates at which point it can 
be measured (Torgersen, et al., 2013). This is a simplistic explanation of radiometric dating 
which has many complexities to it (Torgersen, et al., 2013). 
In order to determine the rate of decay of the parent isotope either the half-life (T1/2) or the 
decay constant (λ) of the isotope must be known. In most instances, some of the daughter 
isotope is already present in the sample, therefore this must be accounted for by subtracting 
this initial activity (A0) from the measured activity in the sample (At) (Torgersen, et al., 2013). 
Many assumptions are made as various factors may influence the concentrations of the initial 
isotope activity (A0). For example, the initial activity for radiocarbon (14C) is dependent on the 
rock, soil and plant types of the region. The radiometric clock starts when there is no more 
replenishment from the atmosphere. However, the isolation point from the atmosphere is not 
always clear because equilibrium can be maintained with the atmosphere through root 
respiration. In arid and semi-arid regions, it is a common occurrence for the root systems to 
be very deep, therefore this point of isolation is even more indistinct (Schenk & Jackson, 2002). 
Furthermore, different radiometric isotopes have different half-lives and different factors of 
influence, therefore, the “age” of a sample calculated by each radiometric isotope may be 
different. 
Attaining a residence time from one isotope makes it difficult to evaluate whether it is in fact 
the true age of the sample. Therefore, there is an advantage in using multiple isotopes as it 
allows for the improvement of the statistics on the residence time calculations by ideally getting 
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similar results from multiple isotopes. Various studies have used multiple isotopic tracers in 
groundwater age dating (Plummer, et al., 2012; Lehmann, et al., 2003; Corcho Alvarado, et 
al., 2005; Lavastre, et al., 2010). Plummer, et al., (2012) estimated groundwaters ages along 
two different flow paths in Maryland, USA, using 14C, chlorine-36 (36Cl) and helium-4 (4He). 
Lehmann, et al., (2003) analysed groundwater in the Great Artesian Basin in Australia for 
krypton-81, 36Cl and 4He. Corcho Alvarado, et al., (2005) analysed groundwater in the Odense 
Pilot River Basin, Denmark, for krypton-85, 36Cl, tritiogenic helium (3H/3He), SF6 and CFC-12. 
Lavastre, et al., (2010) estimated groundwater ages of the eastern Paris Basin, France, using 
36Cl, 14C, tritium (3H) as well as noble gases. These studies indicate that using multiple 
isotopes to estimate groundwater residence times aids in understanding different aquifer 
systems of the same region which is important for long term groundwater management 
programmes. 
The Karoo Basin in South Africa has been identified as a potential shale gas region with 
possible economically viable resources within the Whitehill Formation of the Ecca Group. 
However, it is uncertain how the process of fracking will affect the Karoo Basin from an 
environmental perspective. This has previously been discussed in detail in Chapter 1. One of 
the major concerns is the potential contamination of the shallow groundwater aquifers in close 
proximity to the drill sites. Subsistence and commercial farmers as well as local communities 
are dependent on groundwater resources for agricultural and domestic purposes. One way in 
which this could occur is the contamination with deeper groundwater which may be of poor 
quality, such as in the Marcellus Shale play in Pennsylvania, USA (Vengosh, et al., 2013; 
Warner, et al., 2012). The Karoo is an already water-stressed region experiencing a semi-arid 
climate. Therefore any pollution of the scarce groundwater sources would be detrimental not 
only to the Karoo Basin, but also to the country as a whole because the Karoo is an important 
agricultural region. It is therefore, important to have a better understanding of the deeper 
groundwater in the Karoo Basin. 
The chemical composition of the groundwater samples collected throughout the Karoo Basin 
was discussed in Chapter 2. The main objective of this chapter is to compare and contrast 
residence times of the deeper and shallow groundwater samples using multiple radiogenic 
isotopes, specifically tritium, tritiogenic helium, radiocarbon and chrloine-36. This will allow for 
an assessment of how robust the division of the shallow and deep groundwater (determined 
in Chapter 1) is and further assessment of what the mixed groundwater might represent. 
Tritium is useful for tracing and dating young, recently recharged groundwaters due to its short 
half-life of only 12.43 years (Schlosser, et al., 1988). Simultaneous analysis of 3H with its decay 
product, helium-3 (3He), known as tritiogenic helium (3H/3He) allows for significantly more 
information to be derived (Schlosser, et al., 1988). Tritiogenic helium is also useful for dating 
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groundwater containing recent recharge and post 1950’s water (Eby, 2004; Schlosser, et al., 
1988). Radiocarbon has a half-life of 5730 year and can date intermediate aged groundwaters 
ranging from 1000-30000 years old (Eby, 2004). Chlorine-36, with a half-life of 301000 years, 
is useful in dating older groundwaters aged up to 1000000 years old (Phillips, 2013; Bentley, 
et al., 1986). Helium-4 has the longest potential age dating range from 100 to 1000000 years 
(Plummer, et al., 2012). 
Knowledge about the residence times of the deeper, mixed and shallow groundwaters will 
provide an insight into the connectivity of the deeper and shallower aquifer systems in the 
Karoo Basin. This could aid in predicting potential upward migration patterns of the deep 
seated groundwater into the shallow aquifer systems. This information would be beneficial if 
fracking takes place in the Karoo. Moreover, this information can be used to investigate the 
timescales and implications of the recharge processes of the deeper aquifer systems 
throughout the Karoo Basin. 
3.2 Sampling and analysis techniques 
Sampling was carried out in June-July 2014 for two weeks. Eight locations throughout the 
Karoo Basin (Figure 13) were selected because of known or suspected deep groundwater 
flow, and within a few kilometres of these sites, one or two shallow boreholes were selected 
to represent shallow groundwater in the area. In total, 19 samples were collected which include 
8 shallow samples, 5 mixed samples and 6 deep samples. See Chapter 2 for a full description 
of the sampling sites and locations.  
3.2.1 Groundwater sampling 
All boreholes were pumped for at least 30 minutes prior to sampling in order to remove any 
stagnant water and to ensure that “fresh” groundwater was sampled. The electrical 
conductivity (EC) was monitored whilst pumping took place and the sample was collected 
once the EC had stabilized. pH and temperature were then measured using an Extech EC500 
combined pH, EC and temperature probe. All the probes were calibrated on a daily basis. 
Field alkalinity was determined using a Hach digital titrator, and titrated to a pH of 4.5 using 
1.5M or 0.15M sulphuric acid and Green-Methyl Red and Phenolphthalein indicators. In all 
samples the total alkalinity was equal to the bicarbonate alkalinity (mg.L-1 HCO3-). Alkalinity 
was also measured in the Central Analytical Facility (CAF) laboratory in the Department of 
Soil Science at Stellenbosch University using a Metrohm 905 Titrano Autotitrator as well as at 
Duke University, USA. 3H, 14C and 36Cl samples were collected in HDPE acid washed bottles. 
For radiocarbon samples with alkalinity below 100 mg.L-1 HCO3-, 1L was collected and filtered 
into acid washed Nalgene bottles. For 14C analysis, the volume of water to be processed was 
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determined from the alkalinity such that at least 2 g of C could be collected per sample. For 
samples with alkalinities above 100 mg.L-1 HCO3- this involved the collection of either 25L or 
50L of groundwater. Directly on collection of the groundwater sample, 250g of BaCl2, 200ml 
of 400g/L NaOH solution and 10ml of phenolphthalein indicator were added to each sample. 
This resulted in the precipitation of BaCO3 which was allowed to settle for 2 hours after which 
the supernatant was allowed to drain away and the resultant BaCO3 slurry was collected in 1L 
HDPE bottles. 36Cl samples were filtered in the laboratory during processing (discussed in 
further detail in the section below). Tritium samples were not filtered because the samples 
were distilled in the laboratory during analysis (discussed in further detail below). Noble gas 
samples were collected in copper tubes and sealed with end caps to avoid interaction with the 
atmosphere. All samples were kept at less than 4°C in the field and transferred to fridges in 
the laboratory. 
3.2.2 Analytical techniques 
Eleven samples with alkalinities above 100 mg.L-1 HCO3- were analysed for radiocarbon via 
Liquid Scintillation Counting (LSC) at iThemba LABS in Johannesburg. Analytical errors were 
± 2.5 pmC. Five of the samples with alkalinities below 100 mg.L-1 HCO3- were analysed for 
radiocarbon by Accelerator Mass Spectrometer (AMS) at Beta Analytic in Miami, Florida. 
Analytical errors were ± 0.2 pmC. The samples are relative to NIST standards of RM-8539, 
8540, 8541 and 8542. Tritium samples were analysed using a Packard Tri-Carb 2770TR/SL, 
a low level liquid scintillation analyser at iThemba LABS in Johannesburg, South Africa. 
Analytical errors were ± 0.3 TU. The samples were distilled and introduced to an electrolytic 
cell before being placed in the counter. Chlorine-36 samples were acidified and prepared using 
AgNO3 to produce AgCl precipitate. The resultant precipitate was sealed in PP containers and 
wrapped in foil to exclude any light. The concentration of the 36Cl isotope was measured via 
AMS at the Australian National University in Canberra, Australia. Analytical errors of the 36Cl/Cl 
ratio were ± 82 x10-15. Major gas components (e.g., N2, O2, Ar, and CH4) were measured using 
an SRS quadrupole mass spectrometer (MS) and an SRI gas chromatograph (GC) whereas 
isotopic noble gas samples were extracted from their copper tubes and measured via a Helix 
SFT noble gas mass spectrometer at Ohio State University, USA. Duplicate samples were 
collected and analysed. Standard analytical errors were ± 3% for noble gas concentrations 
([4He], [22Ne] and [40Ar]). Isotopic errors were approximately ±0.01 times the ratio of air (or 1.4 
x10-8) for 3He/4He ratio, <±0.5% and <±1% for 20Ne/22Ne and 21Ne/22Ne, respectively, and 
<±1% for 38Ar/36Ar and 40Ar/36Ar, respectively (higher than normal because of interferences 
from C3 on mass=36). 
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3.3 Results 
Radiocarbon, tritium, chlorine-36 and helium-4 data are presented in the sections below. 
Tables 6 through 9 present the data discussed in the following sections. Note, not all of the 
samples were analysed for every isotope presented in this chapter. Table 5 gives a summary 
of which samples were analysed for the different isotopes. In all of the graphs the deep 
samples are represented by red squares, the shallow samples by blue diamonds and the 
mixed samples by green triangles. 
 
Town Sample No. 3H 3H/3He 14C 4He 36Cl
TU TU pmC µcm
3 
STP/kg
atoms/L
Leeu Gamka WP 502 X X X X X
Cradock DRB4 X X X X X
Fort Beaufort RRB1 X X X X X
Venterstad RWB5 X X X X X
Venterstad LRB2 X X X X
Trompsburg VFB2 X X X X
Florisbad FLB5 X X X X
Merwevi l le MWB2 X X X X X
Leeu Gamka WP 508 X X X X X
Leeu Gamka WP 505 X X X X
Fort Beaufort BFB2 X X X X X
Venterstad RWB1c X X X X X
Venterstad VBB1 X X X X X
Cradock CRS1 X X X X X
Fort Beaufort BFB1 X X X X
Al iwal  North ANS1 X X X
Al iwal  North ANBH1 X X X
Trompsburg VFB1 X X X X
Florisbad FLS1 X X X X
SH
A
LL
O
W
 G
R
O
U
P
M
IX
ED
 G
R
O
U
P
D
EE
P 
G
R
O
U
P
Table 5: Summary of the isotope analyses of the groundwater samples 
collected throughout the Main Karoo Basin.
Notes: Samples analysed for a specific isotope are marked with an 'X'.
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3.3.1 Tritium and tritiogenic helium 
The tritium and tritiogenic helium data is shown as a function of temperature and δ18O, as 
these parameters were used as proxies for groundwater depth (Figure 36). The deep sites 
generally have low 3H activities between 0 and 0.5 TU, except for site FLS1 which contains a 
higher activity 1.6 TU (Figure 36B and C). The 3H activities of the shallow group range between 
0.5 and 3.1 TU (Figure 36B and C). The mixed sites have 3H activities that fall in between and 
overlap with both the deep and shallow groups between 0.1 and 0.9 TU (Figure 36B and C). 
Tritiogenic helium activities are only present in the shallow and mixed groups as well as in one 
deep sample (CRS1). Figure 36C and D display the opposite trend observed in Figure 36A 
and B. However, it is clear that the mixed samples contain higher activities of 3H/3He than the 
shallow samples. The shallow samples contain 3H/3He activities between 2.5 and 8.84 x1019 
TU. The mixed samples contain 3H/3He activities ranging from 6.46 x1019 to 8.03 x1020 TU. 
The deep sample, CRS1, has a 3H/3He activity of 4.4 x1019 TU. 
 
Figure 36: Relationship between A) 3H and temperature; B) 3H and δ18O C) 3H/3He and temperature; D) 3H/3He 
and δ18O of the samples collected throughout the Karoo Basin. Red squares = deep sites, blue diamonds = shallow 
sites, green triangles = mixed sites. 
3.3.2 Radiocarbon 
The radiocarbon data is shown as a function of temperature as this parameter is used as a 
proxy for groundwater depth (Figure 37). Only four of the deep samples (CRS1, BFB1, VFB1 
and FLS1) were analysed for radiocarbon as a result of their extremely low alkalinities. WP 
508, a mixed site in Leeu Gamka, was analysed for radiocarbon but not site WP 505 as it is 
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also a mixed site at the same location. The shallow samples contain the highest 14C contents 
between 74 and 94 pmC (Figure 37). The deep samples contain the lowest 14C contents 
ranging from 20 to 53 pmC (Figure 37). The mixed samples plot between the deep and shallow 
samples with intermediate 14C activities between 50 and 74 pmC (Figure 37).  
 
Figure 37: Relationship between 14C and temperature of the samples collected throughout the Karoo Basin. Red 
squares = deep sites, blue diamonds = shallow sites, green triangles = mixed sites. 
3.3.3 Helium-4 
This data is shown as a function of temperature and 14C as these parameters are used as 
proxies for groundwater depth (Figure 38). The distribution of 4He for the different depth groups 
shows that the shallow samples contain lower 4He contents between 87 and 987 µcm3 STP/kg 
(Figure 38 A and B). Two of the shallow sites, RRB1 and FLB5, contain anomalously high 4He 
contents of 10151 and 7513 µcm3 STP/kg respectively. Whereas the deep samples contain 
higher 4He contents between 120583 and 483493 µcm3 STP/kg. Two deep sites, CRS1 and 
BFB1, contain very little 4He in comparison to the other deep samples of 412 and 71 µcm3 
STP/kg respectively. The mixed sites plot in between the deep and shallow groups slightly 
overlapping with the deep group with contents from 6753 to 84513 µcm3 STP/kg. The 
distribution of the 3He/4He ratio follows the opposite pattern to that of 4He with higher ratios 
observed in the shallow samples and lower ratios in the deeper samples (Figure 38 C and D). 
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Figure 38: Relationship between A) 4He and temperature; B) 4He and 14C; C) 3He/ 4He and temperature; D) 3He/ 
4He and 14C of the samples collected throughout the Karoo Basin. Red squares = deep sites, blue diamonds = 
shallow sites, green triangles = mixed sites.  
3.3.4 Chlorine-36 
The 36Cl data is shown as a function of temperature and 14C as these parameters are used as 
proxies for groundwater depth (Figure 39). Chlorine-36 displays a large variation in the data, 
especially within the deep group (Figure 39). The 36Cl concentration varies from 2 to 78 x 10-
12 atoms/L in the deep samples, the shallow samples vary between 22 and 65 x 10-12 atoms/L, 
and the mixed samples overlap substantially with the deep and shallow groups varying 
between 8 and 40 x 10-12 atoms/L (Figure 39A and B). However, when 36Cl is expressed as a 
ratio of 36Cl/Cl, a clear differentiation of the deep group from the other groups emerges (Figure 
39C and D). The deep samples have low 36Cl/Cl ratios between 20 and 126 x10-15, and the 
shallow group with considerably higher and more variable 36Cl/Cl ratios between 500 and 2294 
x10-15. The mixed group 36Cl/Cl ratios lie in between the deep and shallow samples with some 
overlap. The mixed site RRB1 in Fort Beaufort is an outlier in this pattern in that it is a shallow 
sample but has a very low 36Cl/Cl ratio of 113 x10-15 more consistent with the deep group 
ratios.  
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Figure 39: Relationship between A) 36Cl x 10-12atoms/L and temperature; B) 36Cl x 10-12and 14C; C) 36Cl/Cl x 10-15 
and temperature; D) 36Cl/Cl x 10-15and 14C of the samples collected throughout the Karoo Basin. Red squares = 
deep sites, blue diamonds = shallow sites, green triangles = mixed sites. 
3.4 Calculation of residence times 
3.4.1 Tritium and tritiogenic helium 
The groundwater samples collected in the Karoo Basin were analysed for both tritium and 
helium. Therefore an attempt was made to calculate residence times using the tritiogenic 
helium activity of the samples. This was conducted using a programme called iNoble 
(Matsumoto, 2015). A summary of the data required and the residence times calculated using 
iNoble are given in Table 6. As shown in Table 5, only 1 of the deep samples, CRS1, contains 
any measureable 3H/3He and the 3H/3He activity of two shallow sites, namely VFB2 and FLB5, 
could not be calculated. As previously discussed and shown in Figure 36, the shallow samples 
generally contain more tritium than the deep and mixed samples, however, the 3H/3He activity 
is higher in the mixed samples than in the shallow samples (Figure 40A and B). This is also 
reflected in the residence times calculated using iNoble and shown in Figure 40A and B below. 
A 3H/3He residence time for the deep site in Florisbad (FLS1), with a relatively high 3H content 
of 1.6 TU, was not able to be calculated. However, a residence time for the deep site in 
Cradock, CRS1, with a low tritium content of 0.5 TU was able to be calculated at 816 years. 
The residence times of the younger, shallow sites are between 791 and 818 years, whereas 
the mixed sites have slightly older residence times ranging from 800 to 872 years.  
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Figure 40: Relationship between A) calculated 3H/3He ages and temperature; B) the 3H/3He concentrations and 
the calculated 3H/3He ages of the samples collected throughout the Karoo Basin. Red squares = deep sites, blue 
diamonds = shallow sites, green triangles = mixed sites. 
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3.4.2 Radiocarbon 
The reality of dating groundwater is always more complex than it seems as multiple processes, 
other than decay, may alter the 14C content of the groundwater (Plummer, et al., 2012). 
Therefore, some assumptions were made regarding potential dissolution/loss of 14C. Factors 
that may influence the 14C are calcite or dolomite dissolution (which typically only contain 12C 
and 13C and hence dilute 14C concentrations) and exchange with the aquifer matrix. The 
assumptions made for the samples collected during this project are described in the section 
below. A summary of the residence times calculated using 14C is given in Table 7. As 
mentioned previously and seen in Table 5, only four of the six deep samples were analysed 
for 14C. 
The following equation was used to determine the time taken for the 14C activity to decay to 
the amount measured in the sample: 
𝑡 =  
1
𝜆
 × ln
𝐴𝑜
𝐴𝑡
   (1) 
where t = the residence time of the sample in years 
λ = is the decay constant for 14C 
Ao = the initial 14C activity  
At = the measured 14C activity of the sample after some time (t) 
However, as previously mentioned, corrections regarding the dilution factor of the 14C through 
dissolution of carbonate rocks were accounted for by using the δ13C Mixing Model (Clark & 
Fritz, 1997). δ13C was used to determine the source of dissolved inorganic carbon in 
groundwater because CO2 concentrations in soil and carbonates are easily quantifiable and 
provide reliable results for estimating the 14C dilution through carbonate dissolution (Clark & 
Fritz, 1997). The δ13CCarb values range from 1.4 to 2‰ for the minimum and maximum ages 
respectively. The Karoo Basin is dominated by C4 plants, therefore, δ13CSoil values range from 
-12 to -13‰. The mixing model is based on calculating a ‘q’ value or dilution factor which is 
between 0-1, where 1 is no dilution, using the following equation:  
𝑞 =  
𝛿13𝐶𝐷𝐼𝐶 − 𝛿
13𝐶𝐶𝑎𝑟𝑏
𝛿13𝐶𝑆𝑜𝑖𝑙 − 𝛿13𝐶𝐶𝑎𝑟𝑏
   (2) 
where δ13CDIC = measured δ13C in the groundwater samples 
δ13CCarb = δ13C of the calcite being dissolved 
δ13CSoil = δ13C estimated as a function of vegetation type 
When the q value calculated in Equation 2 is incorporated into Equation 1 it becomes: 
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𝑡 =  −8033 × ln (
𝐶14𝑚𝑒𝑎𝑠
𝑞 ×100
)  (3) 
A final corrected age is then determined by including the time elapsed since the year 1950 as 
this is the standard reference value which is normalised to a fixed value prior to atmospheric 
testing of atomic bombs. This is substituted into Equation 3:  
𝑡 =  𝐶14𝑚𝑒𝑎𝑠 + 
2015−1950
1.03
  (4) 
 
A good correlation exists between the 14C content and the residence times calculated for the 
samples, as well as the temperature of that sample (Figure 41). In general, the deep samples 
have the longest residence times, the mixed group have intermediate residence times in 
comparison to the deep and shallow groups, and the shallow samples have the shortest 
residence times. The ages calculated for the shallow samples range from 144 to 1898 years. 
However, some of the shallow sites resulted in negative ages (Table 7). Negative ages 
indicate that these samples are either younger than 65 years old (recharged after 1950) or 
there was an error in the value used. The deep samples resulted in ages between 8149 and 
11417 years. However, one of the deep samples, BFB1, displays a 14C age of 0 (Figure 41). 
This site is the only sample to have a positive δ13C value. The mixed group resulted in ages 
that are between the deep and shallow groups ranging from 1789 to 5819 years. 
Figure 41: Relationship between A) 14C content and the calculated age of the samples; B) 14C ages and the 
temperature of the samples collected throughout the Karoo Basin. Red squares = deep sites, blue diamonds = 
shallow sites, green triangles = mixed sites. 
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3.4.3 Helium-4 
Typically only relative ages are estimated using 4He, as opposed to absolute ages. Moreover, 
the excess Ne that is present results in difficulties in age modelling using 4He as it suggests 
that the groundwater is older than it actually is (Heaton, 1984). Therefore, some assumptions 
have been made regarding the samples collected in this project. Elevated methane (CH4) 
concentrations coupled with elevated 20Ne/36Ar ratios, above 0.121, indicate the presence of 
exogenous fluid, suggesting that the elevated CH4 is not the result of decay/build up over time 
as a result of a longer residence time. This is a common finding in groundwaters situated 
above shale basins and this has been previously observed in the Karoo Basin (Vogel, et al., 
1980; Heaton & Vogel, 1979; Heaton, et al., 1986). A summary of the residence times 
calculated using 4He is given in Table 8. The following steps were taken in calculating the 
residence times of the groundwater samples using 4He (Poreda, et al., 1988; Thomas Darrah, 
personal communication, 16 November, 2015). 
Firstly, recharge temperatures were calculated using argon (Ar) concentrations (Table 8). 
Secondly, estimated neon (Ne) concentrations were calculated by using the recharge 
temperature calculated in the first step (Table 8). Thirdly, the excess neon concentrations were 
calculated using the following equation: 
𝑁𝑒𝑒𝑥𝑐 =  𝑁𝑒𝑚𝑒𝑎𝑠 −  𝑁𝑒𝑒𝑠𝑡   (5)  
where Neexc = excess neon 
 Nemeas = measured neon 
 Neest = estimated neon (calculated in step 2 above) 
The atmospheric 4He is then calculated by using the following equation: 
𝐻𝑒𝑎𝑡𝑚
4 = 1.2 (𝑁𝑒𝑒𝑥𝑐  ×  
𝐻𝑒
𝑁𝑒
) (6) 
where 4Heatm = atmospheric helium 
 Neexc = excess neon calculated in Equation 5 
 He/Ne = measured He and Ne concentrations 
Finally non atmospheric, or terrigenous 4He is calculated by using the following equation: 
𝐻𝑒𝑇𝑒𝑟
4 =  𝐻𝑒𝑡𝑜𝑡
4 − 𝐻𝑒𝑎𝑡𝑚
4
  (7) 
where 4HeTer = terrigenous helium 
 4Hetot = total measured helium 
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4Heatm = atmospheric helium calculated in Equation 6 
Another assumption was then made, that being there is no phase separation of exogenous 
4He based on either the crustal production value (CPV), which is the average crustal release 
rate, or the measured diffusion constant (MDC) which is the measured release rate. Therefore, 
two sets of ‘ages’ have been calculated. The first calculation of residence times is shown by 
the following equation: 
𝑡 =  
𝐻𝑒𝑇𝑒𝑟
4
𝐶𝑃𝑉
  (8) 
where t = residence time of the sample in years 
 4HeTer = terrigenous helium calculated in Equation 7 
 4He CPV = crustal production value of 0.5 µcm3/year 
The second calculation of residence times is shown by the following equation: 
𝑡 =  
𝐻𝑒𝑇𝑒𝑟
4
𝑀𝐷𝐶
  (9) 
where t = residence time of the sample in years 
 4HeTer = terrigenous helium calculated in Equation 7 
 4He MDC = measured diffusion constant of 0.62 µcm3/year 
Both sets of residence times calculated by Equations 8 and 9 are in relatively good agreement 
with one another. Average residence times were calculated using the average from Equations 
8 and 9 (Figure 42). In general, there is a good trend showing that the deep samples have 
longer residence times than the shallow samples (Figure 42). The deep sites have the longest 
residence times between 217468 and 872609 years. The shallow sites have the shortest 
residence times from 120 to 18324 years. The mixed sites plot in between the deep and 
shallow sites with residence times ranging from 12104 to 152456 years. However, two of the 
deep sites, BFB1 and CRS1, have characteristics and residence times similar to that of the 
shallow sites with low 4He concentrations as well as young residence times of 18 and 717 
years respectively.  
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Figure 42: Relationship between A) measured 4He concentration and the calculated residence times; B) residence 
times and the temperature of the samples collected throughout the Karoo Basin. Red squares = deep sites, blue 
diamonds = shallow sites, green triangles = mixed sites. 
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3.4.4 Chlorine-36 
The principal application of 36Cl to the dating of old groundwater is by measurement of the 
decay of atmospheric 36Cl which is produced in the atmosphere by cosmic-ray bombardment 
of 40Ar (Bentley, et al., 1986). Once in the subsurface, 36Cl is a conservative tracer as the only 
sink in the aquifer in radioactive decay. However, the main complication in using 36Cl to date 
old groundwaters is the variation in the chloride concentration in those groundwaters. This can 
be the result of variable evapotranspiration during recharge or addition of chloride in the 
aquifer from additional sources (Phillips, 2013; Plummer, et al., 2012).  
Three equations were used in an attempt to calculate the residence times of the samples 
(Guendouz & Michelot, 2006; Purtschert, et al., 2015; Phillips, 2013). However, the equation 
by Phillips, (2013), described below in Equation 10, produced the most realistic results in 
comparison to the remaining two equations by Guendouz and Michelot, (2006) and Purtschert, 
et al., (2015). The residence times calculated using Equation 10 were more realistic than the 
other equations in that the ages were substantially less negative and even positive in the case 
of most of the deep samples. Approximately half of the samples did not produce an age when 
using the equation by Guendouz and Michelot, (2006). The other two equations can be found 
in Appendix 2. A summary of the residence times calculated using 36Cl is given in Table 9. 
One of the shallow samples, LRB2, was not analysed for 36Cl. 
𝑡 =  
−1
𝜆36
 × ln
𝐶𝑚𝑒𝑎𝑠 ×(𝑅36 𝑚𝑒𝑎𝑠− 𝑅36 𝑠𝑒)
𝐶𝑟𝑒 ×(𝑅36 𝑟𝑒− 𝑅36 𝑠𝑒)
  (10) 
where t = the residence time of the sample in years 
λ36 = decay constant for 36Cl 
Cmeas = measured Cl- concentration of the sample 
R36 meas = measured 36Cl/Cl ratio of the sample 
R36Se = secular equilibrium 36Cl/Cl ratio 
Cre = recharge Cl- concentration 
R36re = recharge 36Cl/Cl ratio 
The recharge Cl concentration value of between 31 and 33 mg.L-1 was selected based on 
average values found in literature as no precipitation samples were collected during this 
project (Van Wyk, et al., 2011). The initial 36Cl/Cl ratio in the recharge also had to be estimated 
as no values in literature could be found. Figure 39C shows that many of the samples are 
clustered around a 36Cl/Cl value of approximately 500 x10-15, therefore a natural value/initial 
36Cl/Cl ratio from 490 to 500 x1015 was selected for the minimum and maximum ages 
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respectively. The secular equilibrium value should lie between 0 and the lowest 36Cl/Cl ratio 
of the samples (Guendouz & Michelot, 2006), therefore a value of 19 was selected for a 
minimum age and a value of 20 was selected for a maximum age.  
The residence times calculated (Table 9) are not realistic as many of them resulted in 
incredibly small, negative numbers. However, in most samples, a systematic decrease is 
observed in the 36Cl/Cl ratio with an increase in depth (Figure 43). The only shallow sample to 
produce a positive age of 30315 years was WP 502 in Leeu Gamka. The deep samples 
produced ages of between 172915 and 1160204 years, with the exception of site FLS1 which 
resulted in a negative age of -6974 years. Only one of the mixed samples VBB1 in Venterstad, 
resulted in a positive age of 180842 years.  
Figure 43: Relationship between the 36Cl/Cl ratios and A) the residence times calculated in years; B) temperature 
of the samples collected throughout the Karoo Basin. Red squares = deep sites, blue diamonds = shallow sites, 
green triangles = mixed sites. 
 
 
 
Stellenbosch University  https://scholar.sun.ac.za
90 
 
  
T
o
w
n
S
a
m
p
le
 N
o
.
T
e
m
p
C
l-
B
r-
C
l/
B
r
3
6
C
l 
x
 1
0
-1
2
  
  
  
  
  
  
M
in
 1
A
g
e
M
a
x
 2
°C
m
g
/L
m
g
/L
m
o
la
r 
ra
ti
o
a
to
m
s/
L
±
Le
e
u
 G
a
m
k
a
W
P
 5
0
2
2
0
.3
3
0
0
.1
0
6
5
4
2
1
.5
4
9
9
.1
1
8
.0
1
2
1
7
4
3
0
3
1
5
4
8
4
5
6
C
ra
d
o
ck
D
R
B
4
1
6
.2
6
2
0
.2
0
7
1
1
2
4
.4
7
2
8
.5
2
4
.7
-4
7
6
2
2
2
-4
5
8
2
2
8
-4
4
0
2
3
3
F
o
rt
 B
e
a
u
fo
rt
R
R
B
1
 
2
1
.2
4
6
3
2
.0
1
5
2
0
4
4
.6
1
1
2
.7
4
.6
-4
7
3
5
5
0
-4
5
3
5
3
3
-4
3
3
5
1
5
V
e
n
te
rs
ta
d
R
W
B
5
1
8
.1
2
6
0
.1
8
3
2
4
2
7
.2
1
7
0
1
.7
5
4
.8
-4
6
9
7
3
7
-4
5
1
9
2
0
-4
3
4
1
0
3
V
e
n
te
rs
ta
d
LR
B
2
1
7
.3
1
7
0
.0
9
0
.0
T
ro
m
p
s
b
u
rg
V
F
B
2
1
8
.2
1
2
0
.0
9
2
9
5
2
1
.3
2
2
9
4
.0
8
1
.9
-2
5
7
8
2
7
-2
4
0
0
4
3
-2
2
2
2
5
9
F
lo
ri
s
b
a
d
F
LB
5
 
1
9
.2
1
9
6
0
.7
7
5
7
6
6
4
.7
6
1
9
.3
1
9
.9
-9
0
5
4
7
7
-8
8
7
4
2
7
-8
6
9
3
7
6
M
e
rw
e
vi
ll
e
M
W
B
2
2
1
.5
1
1
4
0
.4
6
5
6
3
5
0
.7
6
2
4
.2
2
1
.4
-6
7
6
0
5
1
-6
5
8
0
0
4
-6
3
9
9
5
7
Le
e
u
 G
a
m
k
a
W
P
 5
0
8
2
6
.5
8
3
0
.3
3
5
7
5
1
7
.6
3
3
3
.2
1
1
.3
-2
5
3
4
7
8
-2
3
5
0
9
7
-2
1
6
7
1
6
Le
e
u
 G
a
m
k
a
W
P
 5
0
5
2
3
.5
8
0
0
.4
3
4
2
0
1
0
.2
2
8
7
.4
1
0
.2
-1
6
6
9
3
5
-1
4
8
4
3
6
-1
2
9
9
3
7
F
o
rt
 B
e
a
u
fo
rt
B
F
B
2
2
1
.2
4
5
2
1
.5
1
6
7
4
4
0
.1
1
2
2
.6
4
.9
-5
0
6
1
5
5
-4
8
6
3
6
0
-4
6
6
5
6
5
V
e
n
te
rs
ta
d
R
W
B
1
c
2
5
.7
3
2
0
.1
7
4
2
5
1
7
.4
8
3
0
.9
2
8
.0
-2
4
9
2
2
5
-2
3
1
2
6
9
-2
1
3
3
1
3
V
e
n
te
rs
ta
d
V
B
B
1
1
8
.2
8
5
0
.3
2
5
9
5
7
.6
1
3
7
.2
6
.8
1
6
1
3
0
8
1
8
0
8
4
2
2
0
0
3
7
6
C
ra
d
o
ck
C
R
S
1
2
9
.4
2
4
0
.0
8
6
6
3
2
.3
1
2
5
.7
6
.3
7
5
4
8
0
7
7
7
4
5
4
1
7
9
4
2
7
5
F
o
rt
 B
e
a
u
fo
rt
B
F
B
1
2
3
.5
1
9
1
0
.6
4
6
7
3
7
.9
6
5
.4
3
.2
2
1
6
1
7
7
2
3
8
5
9
9
2
6
1
0
2
0
A
li
w
a
l 
N
o
rt
h
A
N
S
1
3
0
5
1
5
1
.4
4
8
0
3
1
9
.9
3
8
.6
2
.2
1
5
9
5
0
2
1
8
8
5
3
5
2
1
7
5
6
9
A
li
w
a
l 
N
o
rt
h
A
N
B
H
1
2
1
.6
4
8
4
1
.2
4
8
7
7
2
2
.2
4
0
.6
2
.4
1
4
4
9
4
4
1
7
2
9
1
5
2
0
0
8
8
5
T
ro
m
p
s
b
u
rg
V
F
B
1
2
9
.5
3
8
6
9
2
3
.3
9
3
7
3
7
7
.6
2
0
.1
1
.6
5
4
7
8
1
9
1
1
6
0
2
0
4
1
7
7
2
5
8
8
F
lo
ri
s
b
a
d
F
LS
1
2
8
.7
1
0
3
4
4
.0
1
5
8
1
3
4
.1
3
4
.5
2
.0
-3
9
1
9
2
-6
9
7
4
2
5
2
4
3
N
o
te
s:
 (
1
) 
M
in
im
u
m
 a
g
e
 w
a
s 
ca
lu
cl
a
te
d
 u
si
n
g
 t
h
e
 f
o
ll
o
w
in
g
 v
a
lu
e
s:
 R
S
e
 =
 1
9
 (
3
6
C
l/
C
l 
x 
1
0
-1
5
),
 C
re
 =
 3
1
 (
m
g
/L
) 
a
n
d
 
R
3
6
re
 =
 4
9
0
 (
3
6
C
l/
C
l 
x 
1
0
-1
5
).
 (
2
) 
M
a
xi
m
u
m
 a
g
e
 w
a
s 
ca
lc
u
la
te
d
 u
si
n
g
 t
h
e
 f
o
ll
o
w
in
g
 v
a
lu
e
s:
 R
se
 =
 2
0
 (
3
6
C
l/
C
l 
x 
1
0
-
1
5
),
 C
re
 =
 3
3
 (
m
g
/L
) 
a
n
d
 R
3
6
re
 =
 5
0
0
 (
3
6
C
l/
C
l 
x 
1
0
-1
5
).
T
a
b
le
 9
: 
Su
m
m
a
ry
 o
f 
3
6
C
l 
re
si
d
e
n
ce
 t
im
e
s 
a
n
d
 c
a
lc
u
la
ti
o
n
s.
SHALLOW GROUP MIXED GROUP DEEP GROUP
Y
e
a
rs
3
6
C
l/
C
l 
x
1
0
-1
5
Stellenbosch University  https://scholar.sun.ac.za
91 
 
3.5 Discussion 
Multiple isotopic tracers, namely 3H/3He, 14C, 4He and 36Cl/Cl, were used to estimate residence 
times of the groundwater samples collected for this project. However, these isotopes have 
different half-lives and are affected by the surrounding environments in different ways as 
discussed in the above sections. This section focuses on the comparison of the residence 
times calculated using the different isotopes and assess which isotope was overall most 
successful at determining probable residence times. The robustness of the division of the 
groundwater depth groups classified in Chapter 1 will also be investigated evaluated.  
3.5.1 Assessment of residence times 
In general, there is a good correlation between the three groundwater depth groups and the 
residence times of the samples showing that the deep samples have longer residence times 
than the shallow samples and that the mixed samples have residence times between the deep 
and shallow samples. This suggests that the age of the groundwater increases with an 
increase in depth and temperature. However, the calculated residence times differ, in some 
cases substantially, between the different isotopes. Table 10 gives a summary of the 
residence times calculated using all isotopes. The residence times are shown in combination 
with an age range, representing the minimum and maximum residence times of each isotope. 
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The 3H/3He isotope only produced residence times for the shallow, mixed and one of the deep 
groundwater samples. These results are consistent with the absence of tritium in the mixed 
and deeper samples and is expected for recently recharged and shallow groundwater. 
Relatively uniform and young residence times ranging from 794 to 872 years old are observed 
between the shallow and mixed samples.  
Residence times calculated using 14C produced a clear distinction between the three 
groundwater depth groups. The longest residence times are found in the deep samples, 
indicating they are in fact older, and the shortest residence times in the shallow, younger 
samples. The shallow samples have the shortest residence times of between 114 and 1898 
years, the oldest residence times between 8149 and 11417 years for the deep samples and 
intermediate residence times between 1789 and 5819 years for the mixed samples. The 
residence times of the samples are consistent with the 14C content in pmC of the samples, 
with lower content in the deep samples and higher content in the shallow samples. The fact 
that the mixed samples have residence times between those of the deep and shallow groups 
further supports the idea discussed in Chapter 2 that the mixed samples are in fact a mixture 
of the deep and shallow groundwater sampled in the study area. In Chapter 2 it was estimated 
that the deeper groundwaters are associated with recharge during the Holocene, indicated by 
lower δ18O and δ2H values, approximately 6000 years ago. However, older ages of between 
8000 and 11500 years have been calculated in this chapter, indicating these groundwaters 
are associated with a pre-Holocene recharge event. A few exceptions of the radiocarbon 
residence times are mentioned in Section 3.4.2 above. For example, four out of the eight 
shallow samples collected resulted in negative residence times. This is most likely the result 
of either the influence of mixing with more modern recharged groundwater (younger than 
1950) which contains higher 14C content or it suggests that these groundwaters contain 14C 
derived from nuclear weapons testing (bomb carbon). If the latter is true, these groundwater 
sources are mixing with younger sources which were recharged post 1950. 
The widest range of residence times were produced with 4He which is expected seeing that 
this isotope has the potential for dating groundwaters aged 100 to 1000000 years old 
(Plummer, et al., 2012). A definite distinction exists between the residence times of the deep, 
shallow and mixed groundwaters when using 4He. The longer residence times of the deep 
groundwaters are consistent with the higher 4He concentrations which accumulate gradually 
over longer periods of time, or as a result of mixing with deeper, older fluids. In some cases, 
the deep samples resulted in extremely long residence times, much longer than those 
calculated using 14C. In contrast, the shallow samples have lower 4He concentrations and 
shorter residence times as a result of being more recently recharged groundwater. Some of 
the samples produced similar residence times to those calculated using 14C. As result of the 
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elevated 4He and CH4 it was assumed there is no phase separation of exogenous 4He. 
Furthermore, assuming the 4He is derived from a terrigenic origin, two options were available 
during the calculations of the residence times regarding the source of the helium. Therefore 
two ages were calculated, one based on each option. The first age was calculated using the 
4He crustal production value of 0.5 µcm3 STP/g/year and the second age was calculated using 
the 4He measured diffusion constant of 0.62 µcm3 STP/g/year (Equations 8 and 9 
respectively). As mentioned previously, two of the deep samples, BFB1 and CRS1, resulted 
in very short residence times in comparison to the remaining deep samples. This could be the 
result of mixing processes with younger groundwater sources in the area. A possible 
explanation for the elevated methane is that it originated from a deeper source and migrated 
upwards, potentially giving an explanation as to why some of the shallow sites have high 4He 
concentrations.  
Several equations were used in an attempt to date the groundwater samples using 36Cl. The 
residence times calculated using 36Cl/Cl consistently gave extremely negative ages for most 
of the shallow and mixed samples as well as for one deep sample, FLS1. The remaining deep 
samples resulted in extremely high, positive residence times, substantially higher than the 
residence times calculated using 14C. Although realistic ages were not able to be calculated, 
the systematic decrease in the ratio values with an increase in depth and temperature 
suggests that the deeper samples are in fact older than the shallow samples, albeit not on the 
timescales associated with the half-life of 36Cl. The two shallow samples (RWB5 and VFB2) 
with the highest ratios of 1700 and 2294 x10-15 respectively, are likely to reflect the nuclear 
bomb effect, therefore the recharge of these groundwaters is post 1950. These two samples 
also have two of the highest 14C in pmC content. Future research should include 36Cl analysis 
of precipitation, particularly of continental interior precipitation as opposed to coastal 
precipitation which contains stable chloride.  
Overall, the residence times calculated using 14C gave the most realistic ages across the board 
for the deep, shallow and mixed samples. This is indicated by the considerably younger 
residence times of the shallow samples in comparison to the older, deep samples, and that 
the mixed samples plot in between these two groups. Probable residence times were not 
calculated using the remaining three isotopic tracers, which is indicated by negative ages 
and/or extremely old ages. The activities of each isotope are shown as a function of the ages 
calculated using 14C (Figure 44) in order to assess how well the isotopic activities correlate 
with the 14C ages. Figure 44A presents the 3H/3He data as a function of the 14C residence 
times. With the exception of two mixed samples, the 3H/3He activities are relatively uniform. 
An increase in residence time is observed from the shallow, to the mixed and finally to the 
deep samples, however, a systematic decrease in 3H/3He activity with an increase in age trend 
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with the 14C ages is not observed. This suggests that the ages calculated using 3H/3He are not 
accurate in demonstrating an increase in age with depth. Figure 44B presents the 4He 
concentrations and the 14C residence times. A trend of increasing residence time and 4He 
concentration is observed, with the exception of one deep sample which has a low 4He 
concentration more consistent with the shallow groundwater concentrations. Therefore, the 
ages calculated using 4He generally demonstrate an increase in age with an increase depth 
making 4He a useful isotopic tracer for determining residence times in the Karoo.  A strong 
correlation exists between the 36Cl/Cl ratio and the 14C content of the groundwater samples 
(Figure 39D). When the 36Cl/Cl ratios are plotted against the residence times calculated using 
14C a good trend is also observed (Figure 44C) suggesting an increase in age with an increase 
in depth. Following 14C, 36Cl/Cl ratios were the most successful at distinguishing between deep, 
shallow and mixed groundwater. 
Figure 44: Relationship between A) 3H/3He; B) 4He; C) 36Cl/Cl ratio and the residence times calculated using 14C 
of the samples collected throughout the Karoo Basin. Red squares = deep sites, blue diamonds = shallow sites, 
green triangles = mixed sites. 
As discussed in Chapter 2, there are substantial differences between some of the deep 
groundwater samples. When observing the residence times calculated using 14C, there is 
approximately 3000 years difference between the youngest deep sample and the oldest deep 
sample (Table 10). This could potentially be through error. Although a more likely explanation 
is that the deep samples originate from multiple sources and are thus recharged on different 
timescales. This supports the idea discussed in Chapter 2.  
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3.5.2 Origin of chloride 
The Cl/Br molar ratio is an important geochemical tool that when used in conjunction with 36Cl 
data, can aid in determining the origin of Cl- in groundwater (Phillips, 2013). The Cl/Br ratio of 
most meteoric waters situated over the continents is lower than that of seawater, which is 290 
(Phillips, 2013). This is because during the formation of marine aerosols Br- is preferentially 
fractionated into the smaller particles which survive longer in the atmosphere and are thus 
more readily transported toward the continental interiors (Davis, et al., 2004). Therefore, lower 
Cl/Br ratios between 50 and 150 are characteristic of continental interiors, including Cl- 
sourced from recharge (Phillips, 2013). In contrast, solutions originating from dissolution of 
marine evaporites or from connate fluids tend to have higher ratios between 300 and 1000 
(Whittemore, 1995). These characteristics are convenient for the differentiation of Cl- sources, 
since recharge water will generally possess a low Cl/Br and subsurface sources of Cl will have 
high Cl/Br (Phillips, 2013). All of the groundwater samples collected throughout the Karoo 
Basin for this project have Cl/Br ratios of between 295 and 877, and therefore imply that the 
origin of the Cl- is from the subsurface (Figure 45A). Figure 45B indicates theoretical 
relationships between 36Cl concentration and Cl/Br molar ratios (Phillips, 2013). Cases A and 
C represent the trend observed where changes in Cl- are not subsurface-related but rather 
from decay. Case B shows dilution by ‘dead’ Cl- without any aging, whereas Case D shows 
the evolution due to addition of Cl- from other sources (Phillips, 2013). The groundwater 
samples collected in the Karoo Basin follow a similar pattern to that of Case D. This suggests 
that that the Cl- is not a result of decay, but from an additional source. This idea is further 
supported by Figure 45C which displays a mixing trend between the samples as opposed to 
a decay trend when comparing the 36Cl/Cl ratio to the inverse of Cl-. Therefore, variations in 
36Cl concentrations and Cl- are an indication of rock water interactions over extended periods 
of time which suggests longer residence times for the deep samples. 
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Figure 45: A) Relationship between 36Cl concentration (x10-12) and the Cl/Br molar ratio of the samples collected 
throughout the Karoo Basin; B) The evolution of the 36Cl concentration and the Cl/Br ratio. Cases A and C represent 
where changes in Cl- are not subsurface-related but rather from decay. Case B shows dilution by ‘dead’ Cl- without 
any aging, whereas Case D shows the evolution due to addition of Cl- from other sources (Phillips, 2013); C) 
Relationship between 36Cl/Cl ratio and the inverse of Cl- of the samples collected throughout the Karoo Basin. Red 
squares = deep sites, blue diamonds = shallow sites, green triangles = mixed sites. 
3.5.3 Comparison with existing residence times 
Various studies on the residence times of groundwater in the Karoo Basin have been 
conducted since the 1940’s (Kent, 1949; Heaton & Vogel, 1979; Mazor & Verhagen, 1983; 
Vogel, et al., 1980; Vogel, et al., 1980; Talma & Esterhuyse, 2015). These studies include 
groundwater analyses for major ion chemistry, as well as 3H, 14C and noble gases. The 3H and 
14C data is generally consistent with the findings of this project in that the thermal springs 
contained relatively low 3H and 14C concentrations. Historical noble gas analyses are available 
from two of the same locations sampled in this project, namely Venterstad and Beaufort West. 
Talma and Esterhuyse, (2015) used CH4 data from a project conducted by Heaton and Vogel, 
(1979) in order to determine a conceptual model representing the mixing of goundwater in the 
area. This diagram was reproduced using the data from this project and very similar and 
consistent results were observed (Figure 46A and B). Similar results from this project and the 
project conducted by Heaton and Vogel in 1979 indicates that consistent and reputable data 
was collected.  
Stellenbosch University  https://scholar.sun.ac.za
98 
 
Figure 46: A) Relationship between 14C and CH4 of the samples collected throughout the Karoo Basin. Red 
squares = deep sites, blue diamonds = shallow sites, green triangles = mixed sites; B) Relationship between 14C 
and CH4 of the samples collected and analysed in the study conducted by Heaton & Vogel (1979). 
3.5.4 Implications for recharge 
Knowledge of residence times for groundwater in the Karoo Basin is important for 
understanding the deeper groundwater systems and is an important part of building a baseline 
and developing a monitoring programme for future fracking activities. In general, the residence 
times of the deeper groundwater samples indicate that the groundwater sources are non-
renewable on human timescales. Climate change predictions include reduced precipitation 
and increased aridity in southern Africa (Hulme, et al., 2001). The likely result of this is an 
increased demand for groundwater resources in the Karoo Basin. Moreover, should the 
deeper groundwater become contaminated as a result of fracking processes, it will be 
detrimental for the water stressed region. This is further emphasizing the importance of 
effective groundwater management in terms of usage as well as potential contamination and 
pollution from fracking activities. As mentioned in Section 3.5.1, recharge could account for 
variable ages through differential recharge.  
3.5.5 Recommendations for further study 
The analysis of δ2HCH4 as well as additional sampling at greater depths to further investigate 
the origin of methane is recommended in future projects. This information will also allow for 
the comparison of isotopic signatures of groundwaters found at greater depths than the ones 
sampled at for this project. It is important to record natural methane emissions and their 
isotopic signatures before fracking activities commence in order to distinguish between natural 
and fracking induced methane (Humez, et al., 2015). Repeated sampling and groundwater 
“dating” of the same sampling sites is recommended in order to assess the recharge 
processes and timescales of the deeper groundwater. It is expected that the samples will 
become progressively younger as they mix with recharge. It is also included that future 
analyses also include other isotopic tracers, such as CFCs and SF6. These analyses have 
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previously been conducted in the Karoo Basin by Talma & Weaver, (2003). It is advised that 
precipiation samples are collected, throughout the entire basin due to the notably different 
precipitation patterns across the basin. A general overview, as well as 36Cl analysis of the 
precipitation, will allow for further investigation of the recharge systems of the deeper 
groundwater aquifers in the basin. 
3.6 Conclusions  
Longer residence times are observed in the deep samples in comparison with the shallow 
samples. This is indicated by the low 3H/3He, 14C, 36Cl and high 4He activities observed in the 
deep samples. Some of the results found in this study are consistent with other results 
obtained from the same region. Overall, radiocarbon produced the most realistic residence 
times for the deep, shallow and mixed samples with the youngest groundwaters being from 
the shallow group and the oldest in the deep group. Some of the shallow samples resulted in 
negative residence times whereby indicating the post bomb effect. Therefore, they consist of 
modern and recently recharged groundwater. The tritiogenic helium residence times produced 
very uniform and the youngest ages for the shallow and mixed groundwater samples. The 4He 
isotope produced the widest range of residence times amongst the deep, shallow and mixed 
groundwater samples. However, elevated methane and therefore excess neon results in 
difficulty of dating the groundwater using 4He. The origin of methane is from a deeper source 
than what was sampled, therefore it migrated to a shallower depth of at least the depth at 
which the deep samples in this project are situated. The vast differences in residence times 
between the deep samples suggest that these groundwaters originate from various sources 
and are recharged on different timescales. A larger dataset including additional deep samples 
is required for further investigations on the sources of the deep groundwaters. As a result of 
the success in determining the residence times using radiocarbon, the groundwater samples 
in this study are too young to produce realistic ages using 36Cl. However, a good correlation 
is observed between the 36Cl/Cl ratio and the 14C residence times. Further investigation of the 
36Cl concentration and Cl/Br molar ratio indicates that the Cl- present in the groundwater 
samples is not from decay, but from an additional source. As a result of the longer residence 
times of the deeper groundwater sampled in this project, it was determined that the deeper 
groundwater sources are not renewable on human timescales. This could potentially be a 
problem in the future if these aquifers are large enough and suitable for extraction for human 
requirements. This highlights the need for proper management and understanding of the 
deeper groundwater sources, especially in light of potential fracking activities in the region.  
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CHAPTER 4 - General conclusions and recommendations for future work 
4.1 General conclusions 
Overall, the aim of this project was to differentiate between deep and shallow groundwater in 
the Karoo Basin using the hydrochemical characteristics of the groundwater samples. In total, 
19 groundwater samples were collected from springs and boreholes throughout the basin. The 
samples were originally classified as either deep or shallow based on temperature or historical 
information. However, it became evident that five of the samples could be neither be classified 
as deep nor shallow. Therefore, after a second assessment based on major ion chemistry in 
the form of Stiff diagram shape, the samples were classified into three depth groups; deep, 
mixed and shallow. This final classification was validated by the radiocarbon content of the 
samples. 
In general, the shallow samples can be identified by temperatures below 25°C, low pH values 
less than 8, high alkalinity values and the groundwater can be classified as a mixed-HCO3--
type water. In contrast, the deep groundwater can be identified by temperatures above 25°C, 
however, this is not always the case, pH values above 9, alkalinity values below 80 mg.L-1 
HCO3-, negative ORP values and considerable H2S concentrations. The groundwater can be 
classified as NaCl-type water. Overall, the mixed samples have characteristics that are 
intermediate with respect to the deep and shallows samples and can be classified as a 
combination between a NaHCO3 and a NaCl-type water. The results of the mixed samples 
consistently fall between the deep and shallow groups. As discussed in Chapter 2, it is thought 
that the mixed groundwater samples consist of different proportions of shallow and deep 
groundwater, although other explanations including completely different groundwater sources 
cannot be excluded. The identification of a mixed groundwater group provides evidence that 
mixing occurs between the deep and shallow groundwater systems, implying that connectivity 
between the deep and shallow groundwater systems exists. Therefore, this could allow for the 
upward migration of potentially poor quality deeper groundwater. Because of the concerns 
regarding contamination of shallow groundwater from either poor quality deep groundwater or 
fracking fluids, understanding the formation of these mixed groundwaters and their 
significance to deeper flow systems is of paramount importance.  
Multiple redox conditions, precipitation-dissolution and water-rock reactions control the 
hydrochemistry of the groundwater, and are responsible for the differences observed between 
the deep and shallow groundwaters. Nitrification occurs in the shallow groundwater and is 
intensified by agricultural activities occurring near the sampling sites, resulting in elevated n 
nitrate concentrations. In contrast, the process of denitrification occurs in the deep 
groundwater resulting in an absence of nitrate concentrations. Evidence of cation exchange 
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is present in the deep groundwater samples indicated by low Ca and Mg concentrations. 
However, low Mg/Ca molar ratios coupled with low alkalinity in the deep groundwater could 
also show evidence of calcite precipitation. It is thought that deep groundwater has more 
interaction with the host lithologies and aquifer matrix as a result of increased residence time. 
This is evident by elevated sodium concentrations observed in the deep groundwater samples 
in comparison to the shallow groundwater. The slow dissolution rate in warmer groundwater 
also allows for elevated fluorine and boron concentrations. The δ11B values of the shallow 
samples reflect boron from sediments, such as clay, deposited in a marine environment. This 
is consistent with the depositional environment of the Karoo Basin. In general, the shallow 
groundwater is experiencing oxidizing conditions as is evident by positive ORP values and the 
lack of H2S. In contrast, the deep groundwater is experiencing anoxic conditions in a reducing 
environment as is evident by negative ORP values, significant presence of H2S as well as the 
indications of methanogenesis. Evidence of palaeorecharge in the Holocene epoch is 
indicated by lower δ18O and δ2H values observed in the deep groundwater samples. However, 
further analysis of the deep groundwater residence times indicates a pre-Holocene recharge 
event.  Although the deep samples all have similar results for parameters such as pH, 
alkalinity, NO3-, δ18O and δ2H, the results of other parameters such as, temperature, 87Sr/86Sr, 
δ13C and δ13B ratios differed. This indicates that the deep groundwater samples originate from 
multiple sources.  
Knowledge of the residence times of the groundwater in the Karoo Basin is important in 
understanding the deeper groundwater systems as a whole, as well as the recharge systems 
associated with the deeper and shallow groundwater systems. Longer residence times were 
recorded in the deeper samples in comparison with the shallow samples. This is consistent 
with lower tritiogenic helium, radiocarbon, chrloine-36 and higher helium-4 activities observed 
in the deep samples in comparison to the shallow samples, as well as with historical residence 
times of the groundwater in the same region. The youngest residence times were calculated 
using tritiogenic helium, and the oldest residence times were calculated using helium-4. In 
general, the most probable residence times were calculated using radiocarbon on the basis 
that the deep samples gave the oldest ages, the shallow samples gave the youngest ages 
and the mixed samples gave intermediate ages. The only negative ages were produced by 
four of the shallow samples implying that these groundwaters represent modern and recent 
recharge, post 1950. Residence time calculations of the deep samples resulted in ages that 
indicate the deep groundwater sources are non-renewable on human timescales. These 
groundwater sources will be of utmost importance as the semi-arid Karoo Basin becomes 
dryer with climate change. This further accentuates the requirement of successful 
groundwater managing schemes. 
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Variation in residence times of the deep samples indicates that the groundwaters originate 
from multiple sources. For example, there is approximately a 3000 year age difference 
between the deep samples when evaluating the residence times calculated using radiocarbon. 
This supports the hypothesis mentioned above with regards to varying results of other 
geochemical parameters, implying that several deep groundwater sources exist scattered 
throughout the basin. 
Given the fact that a mixed groundwater group was identified from a small sample group of 
only 19 samples, it is probable that the deeper and shallow groundwater systems are linked. 
This potential connectivity between deep and shallow aquifers could have a damaging effect 
on the shallow groundwater systems as a result of fracking activity pollutants. Therefore, it is 
important to have a monitoring programme in place so that should contamination issues arise 
as a result of fracking it will be possible to identify the source of pollution. Furthermore, a broad 
spectrum of parameters, such as described in Chapter 1 in the form of a baseline, should be 
continuously measured before, during and after fracking occurs. However, with proper 
management of the deep wells as well as effective waste disposal and transparency regarding 
the chemicals included in the fracking fluid, the process of fracking could be effective and 
beneficial and avoid negative environmental impacts.  
4.2 Recommendations for future work 
Further investigation and characterisation of the groundwater in the Karoo will allow for a more 
in depth understanding of the different groundwater systems and how they may potentially be 
affected through the fracking process. Future work should include a more statistical approach 
as well as the use of PHREEQC modelling with regards to the controls on groundwater 
chemistry. Sampling of groundwater at greater depths is required to compare and contrast the 
findings of the deeper groundwater in this study. This will also allow further investigation of the 
origin of methane present in the basin. Repeated sampling and age dating of the same sites 
is recommended in order to assess the recharge processes and timescales of the deeper 
groundwater. It is expected that the samples will become progressively younger as they mix 
with recharge. Future analyses should also include other isotopic tracers, such as CFCs and 
SF6. Precipiation should be collected throughout the entire basin as a result of the notably 
different precipitation patterns across the basin. A general overview, as well as 36Cl analysis 
of the precipitation, will allow for further investigation of the recharge systems of the deeper 
groundwater aquifers in the basin. 
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APPENDIX 2 
Three different equations were used when calculating residence times using 36Cl (Guendouz 
& Michelot, 2006; Purtschert, et al., 2015; Phillips, 2013). As discussed in Chapter 3, the most 
realistic ages were calculated by using the equation by Phillips, (2013). The remaining two 
equations that were not used are given below: 
Purtschert, et al., 2015 
𝑡 =  
−1
𝜆
 ×  
𝐶𝑖  × (𝑅𝑒1 − 𝑅𝑒2) + 𝐶𝑚 (𝑅𝑚 − 𝑅𝑒2)
𝐶𝑖 (𝑅𝑖 − 𝑅𝑒1)
 
where t = the residence time of the sample in years 
 λ = the decay constant for 36Cl 
 Ci = initial Cl- concentration 
 Re1 = first secular equilibrium  
 Re2 = second secular equilibrium 
 Cm = measured Cl- concentration of the sample 
 Rm = measured 36Cl/Cl of the sample 
 Ri = initial 36Cl/Cl ratio  
  
Guendouz & Michelot, 2006 
𝑅𝐶 = 𝑅𝑖𝐶𝑖 𝑒−𝜆𝑡 + 𝑅𝑒𝐶𝑖 (1 − 𝑒−𝜆𝑡) + 𝑅𝑒 (𝐶 − 𝐶𝑖) 
where R = measured 36Cl/Cl ratio of the sample 
 C = measured Cl- concentration of the sample 
 Ri = initial 36Cl/Cl ratio 
 Ci = initial Cl- concentration 
 λ = decay constant for 36Cl 
 t = the residence time of the sample in years 
 Re = 36Cl/Cl ratio at secular equilibrium 
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